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NOTES ON THE AGING OF METALS AND ALLOYS 
3y ALBERT SAUVEUR 


Abstract 


The author describes and discusses some of the 
phases of the aging of metals and alloys after quenching 
and after cold work de formation with special reference to 
Iron-Carbon Alloys—aging may take place in the quench- 
ing bath and also during cold working when less subse- 
quent aging ts to be expected. The harde ning and tem 
pering of steel can be satisfactorily explained in the light 
of the precipitation theory. The ageability of the various 
microscopical structures of steel is discussed. Results are 
given and discussed of the influence of nitrogen and of 
oxygen on aging. The author uses the Brinell ball hard- 
ness test as a means of producing cold work deformation 
and measures the change of hardness at the bottom of the 
depression by the Rockwell Hardness Tester. 


HE purpose of this paper is to discuss briefly some features 

of the aging of metals and alloys and to report, likewise briefly, 
some results obtained at Harvard University. 

The term “aging” is applied to changes in some of the physical 
properties of metals and alloys occurring with the passage of time. 

Changes in Some Physical Properties Resulting From Aging. 
Several physical properties are found to undergo changes as the metal 
or alloy ages. The changes most commonly observed include: in- 
creased hardness, increased elastic limit, increased tensile strength, 
decreased ductility, decreased impact resistance, change in electrica! 
conductivity and return of the yield point in cold-worked metals. 


Aging may occur at room temperature or at higher tempera- 


tures when it is generally referred to as “artificial aging.” For the 
same degree of changes in physical properties, artificial aging is 
generally more rapid than room temperature aging. 

Precipitation Theory—tThe precipitation theory is the one most 
generally accepted to explain the aging of metals and alloys. It is 
unnecessary to describe it at length. It will suffice to recall that in 


A paper presented before the Fifteenth Annual Convention of the society 
held in Detroit, October 2 to 6, 1933. The author, who is a member of the 
ociety, is the Gordon McKay Professor of metallurgy and metallography at 
Harvard University. Manuscript received July 1, 1933. 
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the light of that theory the changes of properties observed aft 
aging are due to the precipitation along grain boundaries and alot 
some Cry stallographic planes of a solute or solutes in submicroscoy 
dimensions, from which it follows that solid solutions only shou 
age. Through interfering with slips, those particles increase har 
ness, elastic limit and strength while decreasing ductility and resis 
ance to impact. As the solute comes out of solution, the electri: 
conductivity of the solvent should increase. 

Critical Size of Precipitated Particles and Agglomeration—lt 
held by many that maximum increase of hardness corresponds to 
certain size of the particles called “critical size.’’ This belief appeai 
to be based on the consideration that time is required to obtain max 
imum hardness during which the precipitated particles are supposedly 
increasing in size while on continued aging, more especially at el 
vated temperatures, hardness decreases because of the continued 
increase of particle size which now agglomerate and become of micro 
scopic dimensions. 

Aging After Quenching—Some alioys have been observed to agi 
after quenching from a sufficiently high temperature. This is gen 
erally ascribed to the fact that by such treatment a supersaturated 
solid solution is retained. Obviously this demands a greater solu 
bility of the solute at the quenching temperature than at room tem 
perature. Only those solid solutions, therefore, which show de- 
creased solubility of the solute in the solvent as they cool to room 
temperature should age after quenching. This decreasing solubility, 
when it exists, is indicated in the equilibrium diagrams. An exam 
ination of such diagrams reveals the fact that many solid solutions, 
ferrous and nonferrous, should age after quenching. 

Aging at Room Temperature After Quenching—Some supersat- 
urated solid solutions may age very quickly at room temperature, 
others may require a considerable length of time, while others may 
not age at all. Those solid solutions ageable at room temperature 
after quenching attain maximum hardness after a certain length 
of time, which varies greatly with different solutions. Once max 
imum hardness is obtained, continued aging at room temperature 
will not be accompanied by loss of hardness, from which it follows 
that agglomeration into particles of microscopic dimension does not 
take place at room temperature. 

Aging Above Room Temperature After Quenching—Aging abov: 


room temperature takes place more rapidly—and, generally, the 
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igher the temperature the more rapid it is, until a temperature is 
eached when softening begins to be observed, this being due, ac- 
ding to the precipitation theory, to agglomeration. Similarly, if 
he aging at any predetermined temperature above room tempera- 
ture be continued too long, decreased hardness may result due to 
omeration. It follows from these considerations that maximum 
hardness may be secured by a short aging at a certain temperature 
vhich, however, should be below the temperature inducing agglom 
eration or by a longer time at a lower temperature, provided the 
time be not so unduly long as to produce agglomeration. 
Aging During Quenching—Since supersaturated solid solutions 
are created in the quenching bath, it 1s conceivable that the urge to 


age be so great as to cause aging to occur immediately; that is, dur- 


ing the quenching operation. On withdrawal from the bath, the 
metal may be partially or even completely aged. Indeed, this as- 
sumed possibility offers, I believe, the most acceptable explanation 
of the hardening of steel by rapid cooling as later explained. It 
follows that absence of aging after quenching, or at least the evi- 
dence of but little aging, is no indication that quenching has not 
produced an ageable condition. It rather points to the precipitation 
having taken place during quenching, leaving little, if any, solute in 
solution for subsequent precipitation. In the study of the aging 
phenomenon, we have found this consideration of much importance. 

Aging During and After Quenching—From the above consider 
ations, it follows that three conditions may exist: (1) the metal 
may age completely in the quenching bath, in which case it will not 
age at room temperature, nor at higher temperatures; (2) the metal 
may age partially in the quenching bath, in which case it will con- 
tinue to age at room temperature and more quickly at higher tem- 
peratures, and (3) the metal may not age in the quenching bath, 
in which case it may age at room temperature and at higher tem- 
peratures, or only at higher temperatures. 

Aging After Cold Work Deformation—It is well known that 
many metals and alloys may age after cold work deformation, 
slowly at room temperature, more rapidly at higher temperature or 
only above room temperature. To induce this aging, it 1s not neces- 
sary that solid solutions be obtained in a supersaturated condition 
through quenching. The cold working of some alloys in the an 
nealed and, therefore, not supersaturated condition may be followed 
by aging. To reconcile this phenomenon with the precipitation 
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theory, it is argued that cold work deformation causes a distortio 
of the space lattice of the solvent, which is then unable to retain ; 
much of the solute in solution, a distorted space lattice behaving 

this respect like a supersaturated solution. It follows that aging aft 

cold work deformation should not be confined to solid solutions cap 
able of being obtained by quenching in a supersaturated conditio1 
through decreasing solubility, as indicated by their equilibrium dia 
gram. It should be possible to age harden after cold work deforma 
tion some solid solutions, in which there is no indication of decreasin, 
solubility with fall of temperature. This constitutes an important dif 

ference between aging after quenching and aging after cold worl 
deformation. 

Aging During Cold Work Deformation—It is conceivable that 
the urge to age resulting from lattice distortion be so great that preci 
itation may take place during the cold work operation. This assump 
tion affords an acceptable explanation of the blue heat phenomenon 
It follows that a slight degree of aging observed as taking place after 
cold work deformation may be due to much precipitation having taken 
place during the operation of cold working leaving little solute i 
solution for subsequent precipitation. Indeed, it has been noted, 
and this agrees with our observation, that a slight amount of cold 
work deformation is generally followed by more aging after that 
operation than is the case with the same metal more severely d 
formed. 

Aging During and After Cold Working—The same considera- 
tions apply here as mentioned in the case of aging after quenching, 
namely the metal may age completely during the cold work deforma 
tion when no further aging can take place, or it may age partially 
while being deformed when it should continue to age at room and at 
higher temperatures, or again it may fail to age at all during the de 
forming operation, in which case it may age at room and at higher 
temperatures or only at higher temperatures. 

The Precipitants—While the precipitating solutes may be other 
metals, they are much more frequently intermetallic compounds and 
relatively very hard. 

Aging of Pure Metals—It is evident that if aging results from 
the precipitation of a solute, pure metals should not age. It would 
seem as if this could be readily ascertained. Some supposedly pure 
metals have been reported as being susceptible to aging. The possible 
presence of an extremely small amount of impurities however, cap 
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le of producing aging cannot be overlooked. Of course, it may be 
laimed, unreasonably, I think, that we do not know and probably 
ever will know the properties of pure metals, because pure metals 
o not exist. It is upon such claims that Yensen bases largely his 
Jief in the nonexistence of allotropy in pure iron. 


Aging of Duralumin—It seems advisable to refer to the aging 
f duralumin as it 1s the behavior of this alloy which led Merica, 
Waltenberg and Scott to conceive their precipitation theory and also 
ecause it reveals some of the difficulties which still lay in the path 
{ that theory. Commercial duralumin upon being quenched from a 
temperature of some 500 to 550 degrees Cent., ages both at room 
temperature and at higher temperatures, which is in accordance with 
the aluminum-copper equilibrium diagram. It has generally been 
assumed that the precipitate is the compound CuAl,. An alloy of 


pure aluminum, however, with 4 per cent of pure copper is reported 


















is not aging at room temperature, although it ages at higher tem- 
peratures, apparently through the precipitation of CuAl,. Commer- 
cial duralumin generally contains besides copper, appreciable amounts 
of magnesium and silicon and it is now believed by some that it is the 
precipitation of the compound Mg.Si rather than of CuAl, which 
causes aging at room temperature. Others, however, report that 
aging will take place at room temperature in the absence of silicon, 
provided magnesium be present and this is explained on the ground 
that magnesium shifts the limit of solubility of CuAl, in a manner 
favorable to aging. Again, iron as an impurity is frequently found 
in duralumin where it is believed to form the compound FeAl, which 
may also play a part in the age hardening phenomenon. 

The precipitation theory loses some of its simplicity by the 
claims of some that hardening precedes precipitation. This has been 
explained on the ground that copper atoms undergo some displace- 
ment within the space lattice of aluminum, forming “knots” and 
resulting in increased hardness, which is followed by the formation 
of CuAl, molecules of submicroscopic size. To express it differently, 
the increased hardness resulting from aging would be due to the 
; distortion of the space lattice resulting from the displacement of 
copper atoms and not to the subsequent precipitation of CuAl.. 
\ccepting this modification of his theory, Dr. Merica refers to “the 
accumulation of copper atoms at numerous favored locations which 
in time distorts the surrounding space lattice and increases the hard- 


ness.” The highly speculative character of this theory is obvious and 
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one may wonder whether Merica did not surrender too readily 
some of his critics. 

Decrease of electrical conductivity has also been reported as « 
curring in duralumin on aging, whereas precipitation should increa 
conductivity. Expansion should take place if precipitation’ occurs 
but dilatometer measurements and diffraction X-ray analysis bot 
fail to reveal it. 

\ duralumin type of aging has thus come to be recognized, chai 
acterized by a movement of some of the atoms of the solute int 
favorable positions, resulting in distortion of the space lattice, 11 
creased hardness, decreased electrical conductivity and no change i 
lattice parameter ; this is followed by precipitation of the solute whic! 
removes the distortion of the space lattice and is accompanied by 
continued increase of hardness, increased electrical conductivity an 
decreased lattice parameter. It is generally believed that the first 
step of the aging phenomenon as observed in duralumin, sometime 
referred to as “incubation” period, 1s absent in iron-carbon alloys 
precipitation taking place at once. It 1s contended by some that th 
duralumin type of aging is the more frequent of the two and, ther 
fore, the normal one. 

Aging of Iron-Carbon Alloys—Alloys of iron and carbon solid 
ify as solid solutions of carbon in gamma iron. In cooling through 
their thermal critical range, the solvent iron undergoes an allotropi 
transformation. This phenomenon differentiates sharply such alloys 
from all others. 

Aging of Iron-Carbon Alloys After Quenching—In studying 
the aging of iron-carbon alloys after quenching, it is necessary to 
consider separately quenching from above the critical range and 
quenching below that range. 

Aging of Iron-Carbon Alloys After Quenching from Above thi 
Critical Range—The alloy above its critical range consists of a solid 
solution of carbon in gamma iron, the solvent being capable of re 
taining as much as 1.7 per cent carbon in solution. To clarify, let 
us consider an alloy containing one per cent carbon. On slow cooling, 
the allotropic transformation takes place slowly at some 700 degrees 
Cent. and the alloy passes from its condition of a solid solution in 
gamma iron to that of an aggregate of cementite and alpha iron, 
(ferrite). On rapid cooling, on the contrary, the transformation 1s 
delayed until a temperature of some 300 degrees Cent. is reached 
when it takes place very quickly in the quenching bath. Under these 
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ditions, the alpha iron resulting from the allotropic transforma 
1 retains when first formed the carbon in solid solution. namely one 


cent carbon. The solubility of carbon in alpha iron, however, 


1 very small at room temperature, probably not exceeding 0.01 per 
irs nt. It follows that the solid solution of carbon in alpha iron formed 
Y the quenching bath is very intensely supersaturated and, there 
re, will begin to age immediately through the precipitation of sub 
al icroscopic particles of the carbide Fe,C. The resulting constituent 
nt known as martensite and is extremely hard. If the precipitation 
11 as not been completed in the quenching bath; that is, if the alpha 
ron still contains more carbon in solution than it can normally re- 
ic] tain at room temperature aging may continue at that temperature 
by and the quenched steel increase in hardness. Such increase of hard- 
in ness after quenching, although slight, has been observed. 
irs lo sum up, martensite should be considered as a fully aged 
ne constituent resulting from rapid carbide precipitation out of an ex- 
VS cessively supersaturated solid solution of carbon in alpha iron. Some 
the indecomposed austenite is also generally present in quenched steel. 
re (his retained austenite, however, is not supersaturated, but it is un 
dercooled because gamma iron is not stable at room temperature. 
lid lf the austenite thus retained ages, it must be through the allotropic 
igh transformation of some gamma into alpha iron followed by carbide 
pic precipitation. 
oys The Tempering of Hardened Steel in the Light of the Precip 
tation Theory——Reheating a hardened steel results in agglomeration 
‘ing f the carbide particles which now become microscopic in size. This 
to is accompanied by decreased hardness and the new constituent known 
and as troostite. Heating to higher temperatures results in more agglom- 
eration and greater decrease of hardness. The steel now consists of 
thi sorbite. The hardening and the tempering of steel may thus be 
oli simply and satisfactorily explained in the light of the precipitation 
re theory. 
let There seems to be little doubt but that the carbide Fe.C is the 
ing, precipitating solute, chiefly, if not altogether, responsible for the 
rees hardening of steel through rapid aging in the quenching bath. 
1 in That other solutes may play a part in the aging of steel will 
ron, soon be considered. 
n is Aging of Iron-Carbon Alloys After Quenching from Below the 
‘hed lhermal Critical Range—Let us again consider a steel containing one 
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per cent carbon and let us allow it to cool slowly to a temperature of 
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some 600 degrees Cent. It is now in a pearlitic condition; that is, 
consists of an aggregate of cementite and of alpha ferrite. T} 
ferrite, however, may contain some carbon, oxygen and nitrogen 

solid solution and possibly other elements. Moreover, the solubili 
of carbon, oxygen and nitrogen in alpha iron decreases with falli: 
temperature, from which it follows that ferrite may be retained | 
quenching in a supersaturated condition, provided, of course, th 
it contains more of these elements, or at least of one of them tha 
normally soluble at room temperature. ‘These considerations indicat 
that commercial iron-carbon alloys, at least, should age after quencl 
ing from some 600 degrees Cent. 

It is evident that ferrite is the aging constituent and, therefor 
that the more ferrite present; that is, the less carbon in the alloy, th 
more it should age after quenching, always provided that we ca 
produce a supersaturated solution by such treatment. Aging afte: 
quenching from below the critical range differs in this respect fron 
aging after quenching from above the range which is then the mor 


pronounced (in the quenching bath), the more carbon present. 
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An attempt was made by Dr. J. B. Clough (at the time a candi 
date for the degree of Doctor of Science in Metallurgy) to study the 
influence of nitrogen on aging, both after quenching and after cold 
work deformation—only some of the most significant results obtained 
will be reported here. 

Samples of Armco iron were nitrided for various lengths ot 
time tollowed by long annealing in order to obtain a uniform nitro 
gen content throughout. By using relatively thin specimens, this 
was found possible—samples were secured containing from 0.03 to 
0.10 per cent nitrogen. 

The most widely accepted equilibrium diagram of iron-nitrogen 
alloys (Fry, 1923) indicates a solubility of nitrogen in iron of 0.5 
per cent at about 580 degrees Cent. and of 0.015 per cent at room 
temperature. By suitable quenching, therefore, it should be possible 
to retain supersaturated solutions at room temperature in alloys con 
taining more than 0.015 per cent nitrogen, and these should be sus- 
ceptible to aging. It is realized that the values indicated by Fry may 
not be absolutely correct and it is also realized that they may be af- 
fected by the presence of carbon, oxygen and other elements. It 
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ms certain, however, that the solubility of nitr 
rkedly with fall of temperature and that iron-nitrogen 
uently, should be ageable. Plain Armco iron, Arm 
ning 0.07 per cent nitrogen and Armco iron containi 
nt nitrogen annealed at 950 degrees Cent. followed 
om 650 degrees Cent. gave the following results aft 


ring 


Plain Armco increased in Brinell hardness* as _ teste 
diately after quenching, and 30 days later from 
or 13 points. 

\rmeo + 0.07 per cent nitrogen increased in hardness 
to 209 or 19 points. 

Armco -++ 0.10 per cent nitrogen increased from 170 
13 points. 


It might at first be inferred that nitrogen does not increas* 
tendency to age, seeing that both plain Armco and Armco conti 


’ 
t 


0.10 per cent nitrogen each gained 13 points. We believe, how: 


that the presence of nitrogen has increased the urge to age 


creat an extent that the sample now ages in the quenching 
evidenced by the hardness of the nitrided samples, respectivel; 
190 and 1/0 Brinell compared to 93 for the plain Armco. Inde 
the action of nitrogen in producing hardness, hence precipitation, 
the quenching bath is not unlike that of carbon. In this instance, 
however, no allotropic transformation of the solvent takes place 
quenching, since we are starting with a solid solution of nitrogen 
alpha iron. In the absence of an allotropic transformation, the in 
crease of hardness is necessarily less and the precipitation incom- 
plete, as evidenced by the fact that the quenched samples age appre 
ciably at room temperature. It should be noted that the sample con 


taining 0.10 per cent nitrogen is not so hard after quenching as the 


en sample containing 0.07 per cent nitrogen and, also, that it ages some- 
0.5 : what less. It has been observed on several occasions in the course of 
oom } this investigation that the action of nitrogen appears to reach its 
sibli maximum at some 0.07 per cent and even at lower percentages. 

con Similar samples also annealed at 950 degrees Cent. followed by 


sus- : juenching from 650 degrees Cent. were aged 30 days at 100 degrees 
may i Cent. with the following results: Plain Armco decreased in hardness 
- af- 


"Hardness measurements were made by the Rockwell tester and converted into Brinell 
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trem 84 to 83, the 0.07 per cent nitrogen sample from 186 to | 
or 78 points, and with 0.10 per cent nitrogen from 168 to 99 or 
points. It is evident that this treatment produced decided agglo1 
eration. It is again noted that after quenching the sample contai 
ing 0.07 per cent nitrogen is harder than the sample containing 0 
per cent nitrogen. 

Plain Armco iron ages little, if at all, in the quenching bath wh 
quenched from 650 degrees Cent., but it ages appreciably at roo 
temperature. This is generally ascribed to the separate or joint 
fluence of carbon, oxygen and nitrogen. Armco ingot iron general 
contains about 0.02 per cent carbon, from 0.02 to 0.08 per cent ox 
gen and about 0.005 per cent nitrogen. 

Quenching the three samples already referred to, namely, plai 
\rmco iron, and alloys with 0.07 and 0.10 per cent nitrogen, r 
spectively, from 950 degrees Cent. followed by 30 days aging at roo 
temperature, gave the following results: 

Plain Armco increased in hardness from 102 to 114, or 12 points 

0.07 per cent nitrogen sample from 197 to 202, or 5 points 
0.10 per cent nitrogen sample from 192 to 195, or 3 points 
lt will be noted that the increase in hardness of the samples contain 
ing nitrogen is extremely smail. Indeed, it is almost within experi 
mental error. We believe this to be due to the fact that the sam 
ples have now aged completely in the quenching bath—this in turn 
resulting from the allotropic transformation of the solvent which 
creates excessive supersaturation. The same phenomenon is observed 
in quenching carbon steel from above its thermal critical range. | 
quote here from Dr. Clough’s thesis, ‘““When precipitation occurs in 
the quenching bath, the attendant hardening is known as quench 
hardening. But when the precipitation is delayed, so that it occurs 
after the quenching operation, then the attendant hardening is known 
as age hardening. It is readily seen that both quench hardening and 
age hardening are manifestations of the same phenomenon, namely 
precipitation hardening.” To illustrate further, the intensity of 
aging resulting from the presence of nitrogen: Armco iron containing 
0.055 per cent nitrogen had a tensile strength after quenching at 650 
degrees Cent. of 63,000 pounds per square inch. This was increased 
to 101,000 pounds per square inch after two weeks aging at room 
temperature. 

To study aging after cold work deformation, the Brinell ball 
depression under a load of 500 kilograms was used to produce de 
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ation and the hardnesses measured by the Rockwell tester at the 
m of the Brinell depression, using the “C” scale and generally 
erting these readings into Brinell numbers. 

Hardness readings were taken immediately after cold working 
after three days, ten days and thirty days. Some of the results 


tained after thirty days of aging are tabulated below: 



















eatment 0.07 Per Cent ().10 Per Cent 
yegrees Plain Armco Nitrogen Nitrogen 
Cent C.W. Aged Diff. C.W. Aged Diff. C.W. Aged Diff. 
950 144 163 19 152 163 11 147 160 13 
950 172 210 38 282 288 6 294 297 3 
) 950 2 ) ) > ~* , 
L900 161 192 31 280 284 4 20 273 3 
() 650 
\ Annealing. 
QO Quenching. 


\\ Cold-W orked. 



























We are at first impressed by the very marked difference be 

veen the behavior of plain Armco and of Armco containing nitro 

ven and again we might be tempted to conclude that plain Armco iron 

ves excessively when cold-worked after quenching, whereas thx 

nitrogen alloys exhibit practically no aging. We can now form a 

‘lear picture of what really happens. In the presence of nitrogen 

the urge to precipitate due to cold work deformation is so great that 

precipitation takes place during the cold working operation and im 

mediately afterwards. By the time the hardness is measured, the 

specimen is fully aged. In the substantial absence of nitrogen (plain 

\rmco iron) relatively little precipitation takes place while the alloy 

is being deformed, this being followed by marked precipitation at 
room temperature. 

The action of nitrogen is more marked when cold working 

samples which have been previously quenched—this being due to the 

fact that when nitrogen is present a large amount of precipitation 


takes place during or immediately after quenching, leaving little of 


‘ancient Pot! as a 


the solute to be forced out of solution by the cold work operation. 
Summing up the probable action of nitrogen on aging, it may 
; be inferred that nitrogen greatly increases the urge to age, both after 
i juenching and after cold work deformation, inducing precipitation 


in the quenching bath as well as during cold work deformation and 
immediately after. The maximum influence of nitrogen in this di- 


Dll IN Ene 


ction appears to have been reached when the iron contains 0.07 


er cent nitrogen or possibly less. These conclusions apply to the 
havior of nitrided and annealed Armco iron. While the intensity 
































108 TRANSACTIONS OF THE A. S. M. Febru 








of the action of nitrogen might differ in alloys richer 1n carbon, the 
is no reason to believe that it would be different in nature. 

What part nitrogen plays in the aging of commercial steel it 
difficult to state in the light of the evidence we have. Obviously, 
iron can retain in solid solution as much as 0.015 per cent nitrog 
and if commercial products seldom have over 0.005 or at the mos 
0.010 per cent nitrogen, it is evident that solid solutions supersa 
urated with nitrogen cannot be obtained by quenching. It does n 
follow from this consideration that nitrogen cannot be a factor 
causing aging after cold work deformation, since in that case th 
solution before being deformed need not be supersaturated. Agai 
the possibility that contrary to the teaching of some diagrams, the 
solubility of nitrogen in iron may be considerably less than indicate 


should not be overlooked. 





AGING OF IRON-CARBON ALLOYS. INFLUENCE OF OXYGEN 


An investigation into the influence of oxygen on the aging of 
iron-carbon alloys was conducted by Dr. Arthur B. Wilder at the 
time a candidate for the degree of doctor of science in metallurgy 
Some of the results obtained will be briefly reported. Several equi 
librium diagrams of the iron-oxygen system have been published. 
They all indicate a decrease of solubility of oxygen in iron with fall 
ing temperature. According to the precipitation theory, therefore, 
these alloys should be ageable both after quenching and after cold 
work deformation. In the nearly complete absence of carbon, the 
solubility of oxygen is frequently given as 0.10 per cent at 1000 de 
grees Cent., while at room temperature it is nearly nil. The presence 
of carbon, moreover, and possibly of other elements may greatly 
reduce the solubility of oxygen. It follows that the influence of 
oxygen in causing aging, if such influence exists at all, should be more 
marked in alloys containing very little carbon. It should also be 
borne in mind that dissolved oxygen only can be responsible for 
aging, whereas, unfortunately, the present methods for oxygen de- 
terminations yield the amount of total oxygen in the metal which 
includes oxygen present in the form of inclusions or if they fail, like 
the Ledebur method, to give the full amount of total oxygen, they 
nevertheless include some of the inclusion oxygen. It should also 
be noted that a critical loss of solubility occurs as iron passes from 
its gamma to its alpha form. 


By utilizing a billet of Armco iron which contains more oxygen 
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the core than in the rim, it was hoped to obtain indication of the 


nfluence of oxygen in causing aging. The core contained 0.06 per 


nt oxygen and the rim 0.02 per cent. For like treatment, the core 
ould age more than the rim. 
After quenching from 1060 degrees Cent., followed by aging 
ten days the core increased in hardness 14.7 points Rockwell 
B,”’ while the hardness of the rim increased 18.4 points. After 
innealing at 950 degrees Cent. and quenching from 650 degrees Cent. 
lowed by aging for ten days the hardness of the core increased 19 
ints and the hardness of the rim 17 points. 
In one instance, therefore, the core increased in hardness a little 
ore than the rim, while in the other the reverse took place. This 
should not justify us to infer that oxygen plays no part in the aging 
phenomenon. A more likely explanation of the results obtained is to 
be found in the consideration that while the core may contain more 
total oxygen than the rim, it does not follow that it contains more 
dissolved oxygen and that form of oxygen only can be responsible 
for causing aging through precipitation. That the core contains much 
more oxidized inclusions is readily detectable. That it contains more 
dissolved oxygen is not known. 
Core and rim were cold-worked by Brinell depressions under 
loads of 500 and 3000 kilograms followed by aging for ten days 


Some of the results obtained are tabulated below: 


Increased Hardness After Aging 
Load Rockwell B 

Heat Treatment Kilograms Core Rim 

950°C. 500 10.0 14.0 

Tou C. 500 8.0 9.0 
950°C.) 
650°C. § 
950°C. 3000 2 6.7 


500 1] ] 906 


Annealed. 
O Quenched. 


When cold-worked in the annealed condition, the rim ages more 
rapidly than the core, which might be explained on the ground that 
although it contains less total oxygen than the core, it may contain 
more dissolved oxygen. The aging after cold working is more 
marked after a slight deformation than after a more severe one: 
compare the results obtained with the annealed samples with loads, 
respectively, of 500 and 3000 kilograms. As already pointed out, 


this does not imply a less degree of precipitation but an earlier and 
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more intense precipitation which may take place during the « 
working operation itself, leaving less solute for subsequent precipi 
tion—that is, for apparent aging. 

Some Norway wrought iron containing 0.025 per cent car 
and 6.092 per cent oxygen was studied for its aging properties 
it was found that in spite of its very large percentage of oxyget 
did not age more than Armco ingot iron, which may be explai 
on the ground that it may not contain more dissolved oxygen tl 
\rmeo iron. Assuming that dissolved oxygen does induce aging, 
is evident that the amount of total oxygen present in the steel can: 
be taken as a measure of its ageability. 

Four steels supplied by Dr. Herty, containing 0.03 to 0.04 | 
cent carbon, one of which had not been deoxidized while the oth 
three had been deoxidized, respectively, with manganese, aluminu 
and silicon, all showed substantial aging, both after quenching ai 
after cold work deformation. 

\ special steel, assumed to have been thoroughly deoxidize 


was supplied by Dr. Herty. It contained 0.19 per cent carbon an 
PI ; | 





0.46 per cent manganese. Some of the aging results obtained ar 








tabulated below: 








Heat Treatment Brinell Increased Hardness 













Degrees Cent Load “Rockwell B” 
2) 1060 None 1.4 
JA 950 . sa 
10 5304 None 13.6 
A 950 1500 2./ 
950 “ 
JA ot 1500 3.9 
lO H50 \ 
QO 950 1500 1.3 
QO 950 3000 1.1 





The results are illuminating and can be satisfactorily explained 1 








the light of the precipitation hardening theory. The sample quenched 
trom 1060 degrees Cent. aged very little (1.4 points), because 
quenching from above the critical range; that is when iron is in 
gamma condition, results in precipitation in the quenching bath, the 
resulting constituent, martensite being fully or nearly fully aged; 







quenching from above the critical range (950 degrees Cent.) followed 
by cold work deformation respectively under loads of 1500 and 
3000 kilograms likewise results in very little aging (1.3 and 1.1 
points), due to the fact that we are now deforming a fully aged 
constituent. Cold working the steel in its annealed condition results 
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a moderate amount of aging (2.7 points) because the solid solu 
n thus deformed is saturated—not supersaturated 
When annealing is followed by quenching from 650 deg 


ent. a supersaturated solution results which ages excessively | 


oints) without deformation, whereas after deformation it apparently 


ces little (3.9 points) because precipitation now takes place during 


old working and immediately after. 


\GING OF IRON-CARBON ALLOYS. INFLUENCE OF CARBON 


The influence of carbon on the aging of steel has been investi 
ated by J. L. Burns, assistant in metallurgy and a candidate for 
he doctor’s degree. It would not be possible in the limited space 

my disposal to even attempt to report in full the results obtained 
nor would it be advisable. It is hoped that they may be presented 
some subsequent publication. These results, however, afford a 


ustification for our discussion and conclusions. 


DISCUSSION AND CONCLUSIONS 


In discussing the age hardening of iron-carbon alloys in the 
light of the precipitation theory, it is advisable to consider the 
microscopical constituents and to bear in mind that these constitu 
ents, to a large extent, result from the heat treatments to which the 
alloys have been subjected. It will suffice for our purpose to con- 
sider the constituents known as austenite, martensite, troostite, sor 
bite and pearlite. Having in mind that according to the precipitation 
theory solid solutions only can age, it is evident that of the phases 
of iron-carbon alloys austenite and ferrite only can age—the former 
hecause it is a solid solution of carbon (and possibly other elements ) 
in gamma iron, the second because alpha iron may retain carbon, 
oxygen, nitrogen and possibly other elements in solution. Aggre- 
gates containing ageable phases may age by virtue of their presence. 
We are not much concerned with the possible aging of austenite, 
seeing that that constituent can be retained only by drastically cooling 
medium high or high carbon steel. It is not then a supersaturated 
but an undercooled solution, unstable because gamma iron cannot 
normally exist at room temperature. Any change occurring with 
time or by heating above room temperature must result from some 
of the gamma iron transforming into alpha iron, followed by car- 


bide precipitation. Our interest lies chiefly in the aging 


of ferrite 
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considered as a solid solution in which the solvent is alpha iro 
The equilibrium diagrams of the systems iron-carbon, iron-nitrog 
and iron-oxygen all indicate decreased solubility with fall of ten 
perature, hence the possibility of obtaining at room temperatu: 
supersaturated, hence ageable, solid solutions. Ferrite, for obviot 
reasons considered as a solid solution, should age after quenchin 
below the thermal critical range and should also age after cold worl 
deformation, as indeed it does. The nearer the quenching temper 
ature to the critical range, the greater should be the supersaturatio 
and, therefore, the more the aging. The more severe the cold work 
ing, the greater should be the precipitation, but not necessarily afte: 
the deformation, since it is now realized that severe cold worl 
deformation may result in immediate precipitation. These anticipa 
tions are in agreement with the results obtained. It follows that 
such low carbon alloys as Armco ingot iron and mild steel shoul 
age decidedly, since they contain so much ageable ferrite, provided 
the ferrite they contain has been obtained by quenching in a super 
saturated condition or has been deformed by cold work. 

No attempt will be made at present to classify in order of im 
portance the nature of the precipitated particles, which are generally 
held to be Fe,C, FeO or some nitride, possibly Fe,N. I shall only 
venture tentatively to express the belief that in commercial steel 
‘arbon is chiefly responsible for the aging of ferrite, that nitrogen 
when present in unusually large proportion greatly intensifies aging 
and that the part played by oxygen is in doubt. 

let us now consider the aging of the aggregates pearlite, troost 
ite and sorbite. The pearlite of commercial steel is an ageable 
constituent by virtue of the ferrite it contains. To cause it to age, 
it suffices to quench it from a temperature lower than its thermal 
critical point when it will age the more readily, the higher th¢ 
quenching temperature or to deform it by cold work. Pearlite, 
however, for like treatment, should not age as much as free ferrite 
which is equivalent to saying that hypoeutectoid pearlitic steel should 
age more than eutectoid pearlitic steel and that the less carbon it 
contains the more it should age. Here again severe cold work may 
cause precipitation during deformation and relatively little aging 
afterwards. 

In regard to troostite, let us consider that constituent as result 
ing from the tempering of martensite. Martensite, as already ex- 
plained, must be regarded as a fully aged constituent; that is, 
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sisting of alpha iron containing numerous submicroscopic parti 
s of Fe.C, possibly of critical size. The alpha iron retains little, 
inv. carbon in solid solution. 

It is generally accepted that reheating martensite to some 400 
orees Cent. converts it into troostite. In the light of the precipt- 
tion theory, this is an agglomeration and, therefore, a softening 
atment. The precipitated particles have now passed the critical 
i. Indeed, they are ot microscopic dimension. At LOO degrees 
ent., however, the solubility of carbon in alpha iron may be a little 
reater than at room temperature. By quenching troostite from 400 
erees Cent., therefore, it might be possible to retain alpha iron in 
slightly supersaturated condition, in which case the quenched 
oostite should age. This phase of the aging has not been investi- 

rated. Troostite, likewise, might age after cold work deformation, 
assuming that it is sufficiently soft to permit deformation. 

Sorbite corresponds to a greater degree of agglomeration of 
the precipitated particles. To obtain it through the tempering of 
martensite, it 1s necessary to heat the latter constituent to a higher 
temperature, for instance, to some 600 degrees Cent., when the sol- 
ubility of carbon in alpha iron is further increased. The quenching 
§ sorbite should result in aging and likewise the cold working of that 
‘onstituent should be followed by precipitation aging. 

Our results seem to indicate that the amount of aging increases 
with the amount of free ferrite present in the alloy, which, in turn, 
depends upon (1) the percentage of carbon, and (2) the heat treat- 
ment. For the same carbon content, the following structural con- 
ditions of hypoeutectoid steel listed in the order of increasing free 
ferrite show increasing aging; martensite (a fully aged constitu- 
ent), troostite, sorbite, and pearlite. 

It follows that in order to eliminate or reduce the aging of iron 
carbon alloys, they should be made martensitic. Obviously, this 
hardening treatment may unfit them for the use to which they are 
intended. The troostitic treatment also may leave them in an un- 
satisfactory condition. In the sorbitic condition, they may possess 
the required physical properties, while their tendency to age will be 


much less than in the pearlitic condition. Mild steel has been man 


ufactured claimed to be free from aging. This is generally attrib 


uted to thorough deoxidation. As already stated, our tests have 


tailed to reveal the part played by oxygen in the aging phenomenon. 
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DISCUSSION 


Written Discussion: By N. A. Ziegler, Westinghouse Research L,; 
oratories, Westinghouse Electric and Manufacturing Co., East Pittsbur; 
In the list of changes of physical properties resulting from aging, | 
Sauveur does not mention magnetic aging. In general, all ferromagnetic met 
and alloys, if kept at temperatures up to, say, 400 degrees Cent., show a grad 
increase of hysteresis, and a decrease of maximum permeability. 

At present we do not have sufficient numerical data to fully explain t 
phenomenon, but there are strong reasons to believe that it is also due to p1 
cipitation. Taking as an example unalloyed iron, samples in the annealed c 
dition with » max. 40,000-60,000 (about the highest values some three yea 
ago), if left in air at room temperature, would show a 10-20 per cent decrea 
in 2-3 months time. Today, however, we can, by improved heat treatme: 
obtain much higher values. A sample with w max. = 220,000 was kept in a 
at room temperature for nearly five months, and it does not yet show ai 
change in its maximum permeability. The explanation of this is that tl 
earlier samples, although as pure as could be made at the time, still contain 
enough foreign material to cause a distortion of the space lattice by precipita 
tion, hence reducing the magnetic quality while the later sample apparently is 
so pure that there is very little, if anything, to precipitate. 

Dr. Sauveur is quite right in considering unreasonable a claim that “w 
do not know and probably never will know, the properties of pure metals. 

\lmost every day the purity of the metals and alloys used in our experiments 
is increasing, and we are learning more and more about them. In a papx 
presented at this meeting, Austin and Pierce report the temperature of 92§ 
degrees Cent. (1702 degrees Fahr.) as « SS ¥ transformation in the purest iro 
in their possession, which confirms previous reports of Hensel and of Esset 

Written Discussion: By John A. Mathews, vice-president, Crucibk 
Steel Co. of America, New York City. 

We have had great pleasure in reading this paper several times. That was 
not because we did not understand the paper on the first reading for it is a 
fine example of clear exposition of the beliefs of the author based on work 
that has been done under his direction. It illustrates what has happened before, 
namely, that after a great deal of mystery and theorizing we ultimately arriv« 
at a fairly simple explanation. The manner in which Professor Sauveur has been 
able to explain and correlate age hardening of the spontaneous sort as well 
as that following quenching and tempering, and also cold work, is extremel) 
interesting. 

The writer has had no experience in studying the age hardening of th 
nonferrous alloys but we have done some work on precipitation hardening of 
low carbon iron-tungsten-chromium alloys with or without cobalt additions. 
This work was started in 1925. At about the same time we became interested 
in another product of the chromium-silicon-nickel series of austenitic steels which 
has some very interesting properties. The alloy is one of the so-called border- 
That is, it may be quite readily martensitic or austenitic in char- 
acter. So nearly was the composition balanced in one case that a hot-rolled 
bar revealed the existence of an inner zone fully 


line alloys. 


martensitic and an outer 
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fully austenitic on one end only in the as-rolled condition. The hardness 


the martensitic zone was about Rockwell C-45 and of the austenitic zone about 
2, Now this material either as hot-rolled or after the high temperature quench 
velops great hardness on tempering. Not much change occurs until between 
000 and 1100 degrees Fahr. when the material begins to harden slightly and 
become slightly magnetic. The hardness keeps on increasing with tempering 
mperatures up to 1600 degrees Fahr.—in fact in one case it acquired a Brinell 
irdness of 444 after ™% hour at 1600 degrees Fahr. and it showed the same 
ardness after 6 hours at 1600 degrees Fahr. But during the interval between 

hour and 6 hours, while the hardness had not changed the magnetic induc- 
tion and residual density had increased nearly 80 per cent while the coercive 
orce had dropped from 62 to 56. 

\ll this is perhaps understandable on the basis of precipitation hardening 
ut when the material is redrawn at a lower temperature, say 1200 degrees 
Fahr., it softens materially to 364. The magnetic and residual inductions have 
till further increased and the coercive has dropped only one point. Even that 
ight be explained as a result of tempering—a martensite having formed from 
he austenite—but when the material is again reheated to 1600 degrees Fahr 

came back to 444 Brinell with a drop in the magnetic and residual induction 
nd an increase in coercive force. This phenomenon I cannot understand and 
vonder if Professor Sauveur can extend his reasoning to include its explanation. 

Written Discussion: By Robert F. Mehl, director, Metals 


Laboratory, Carnegie Institute of Technology, Pittsburgh. 


Researc] 


The problem of aging in iron and steel is one of the most important and 
most interesting to which metallurgists are now giving attention. The industriai 
importance is great, especially in the drawing of sheet steel where diminished 
ductility and increased yield point and the recurrence of the tendency to form 
stretcher-strains or Luder lines on aging seriously limit the possible fabricating 
processes. 

The practical problem of producing a steel low in or free from aging 
seems to have been completely solved for sheet steel by a recently announced 


product’. From the purely scientific viewpoint the subject is full of interest 


and rife with unanswered questions. Many of these questions seem simple 


in their solution, but experience shortly demonstrates how refractory they 
actually are. We might look at a few of these questions for a moment with 
profit. 

It is quite clear from Professor Sauveur’s paper that the agents responsible 
or over-strain aging are not well known. The great importance of deoxidation 
in the manufacture of Izett steel, however, has led most investigators to ascribe 
the effect at least chiefly to oxygen*. Obviously, then, the effective concentra- 
tion ranges of the active constituents cannot be known. 

The usual assumption that over-strain aging is a precipitation process seems 


at present the most likely, but the evidence for a precipitation process is all 
1Anson Hayes, Jron Age, July 13, 1933, 


R. F. Mehl and C. W. Briggs, Transactions, American Institute of Mining and Metal 
gical Engineers, Iron and Steel Division, 1931, 238-243; R. F. Mehl, Jron and Steel 
nada, Vol. 13, 1930, p. 265-9; H. v. Kockritz, Dissertation, Braunschweig, 1932. 
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entirely indirect, and a direct proof is much to be desired. The criteri 
applied to duralumin, naturally and artificially aged, first by v. Goler ar 
Sachs’ and more recently by Stenzel and Weerts*, namely a change in latti 
parameter in the direction of decreasing solid solution, 1s in this case serious] 
hampered by the lattice distortion caused by the cold work necessary to initiat 


the process; it is possible, however, that very small amounts of cold wor 







might be chosen sufficient to give appreciable aging but not so great as t 
render precision X-ray photograms too confused to be useful. 

If precipitation be chosen as the true mechanism of aging, the necessit 
of cold work is puzzling. The effect of cold work might be to accelerate ai 


otherwise extremely slow precipitation process or it might alter the tru 





solid solubilities. I believe that Professor Sauveur has obtained data in suppor 













of the second possibility. I shall myself attempt to show a third in a moment 
The elongation of the yield point in iron and steel, an elongation whic! 
disappears upon cold working but which reappears upon subsequent aging 
is in itself a mystery. It has been customary in Germany to assume that du 
ing this period in the tensile test—when Luder lines, stretcher-strains, form 
the plastic flow destroys a stiff superstructure of cementite along grain boun 
daries, and that thereafter the true plasticity of the ferrite can manifest itseli 
and that the process of aging is one of precipitation which builds up a new 
stiff superstructure and thus re-establishes the yield point elongation. A num 
ber of difficulties obtain here: the pronounced yield point elongation in Arme: 
iron would seem surprising in view of the low carbon content, and the presenc 
of a marked yield point elongation in Armco iron drastically purified by hydro 


gen would seem even more surprising. If we accept the yield point elongation 





as a mystery, we must accept the mechanism of the formation of Luder lines 














as equally mysterious. 

Although over-strain aging has been studied extensively by both mechanical 
and magnetic methods, the exact relationships of these two different manifesta- 
tions of the aging process are not known. 

These are a few of the elementary scientific problems in aging. The list 
is discouraging, but I believe the individual problems are not insoluble. It is 
most happy that Professor Sauveur is turning his attention to their solution. 

[It appears to me that one possible factor in this study has not been con- 
sidered, and I should like to propose it; I am not prepared to defend it to any 
extreme, but it might be worth consideration. Two explanations have been ad- 
vanced to explain the effect of cold work on initiating aging. The first requires 
an acceleration to an otherwise sluggish process, and the second demands a 


diminution in solid solubility. Now it is a well known physico-chemical fact 






that metastable solutions show a wider range of solubility than stable ones, 
and that the destruction of metastability results in precipitation of the solute 
until the true equilibrium solubility is reached. The Fe-O system below 570 


degrees Cent. (1078 degrees Fahr.) offers the possibility of such a circumstance; 







the phase Wustite, familiarly designated as FeO, is entirely unstable below 570 
















F. v. Goler and G. Sachs, Metallwirtschaft, Vol. 8, 1929, p. 671; E. Schmid and G 
Wassermann, Metallwirtschaft, Vol. 9, 1930, p. 421. 









*W. Stenzel and J. Weerts, Metallwirtschaft, Vol. 12, 1933, p. 
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rees Cent. (1078 degrees Fahr.) tending to decompose to Fe.O— 


and a 
tion of exygen in alpha iron’. The rate of decomposition, however, is quite 


A [In the metastable equilibrium at room temperature between ferrite and 


FeO” a solid solution of oxygen in iron will obtain characterized by a wider 
neentration range than that oi the stable ferrite Ke.O, equilibrium 
It is possible, then, that the effect of deformation, either at room tempera- 


ire or at blue-brittle temperature, is the destruction of the unstable system with 


e precipitation of the excess oxygen in the form of FesO.. Such 


an effect 
ild be similar in result to a change in solid solubility, but 
entirely different. 


its origin would 


\lthough unrelated to the main purport of my remarks, I should like to 


int out that the evidence for “knot formation” to use Merica’s term, that 
s, the evidence for room temperature age-hardening in duralumin without preci 

itation is very good; I do not believe that Dr. Merica surrendered too readily. 
Indeed, it is not a theory we are dealing with in this case but excellent experi 
mental data, originally obtamed by vy. Goler and Sachs and later repeated and 
mfirmed by others.” *. Briefly the reasoning and the data are these: Copper 
dissolves in aluminum with a nearly linear decrease in the size of the unit 
wce-centered unit cell. As quenched, duralumin possesses a lattice constant 
haracteristic of the undecomposed solid solution. During precipitation 
this constant increases until the value characteristic of pure aluminum is at- 
tained (the data of Stenzel and Weerts indicates zero solubility of copper in 
aluminum at room temperature). During room temperature aging, however, 
no change whatever in lattice constant obtains, though the material hardens 
ind strengthens greatly. At higher temperatures age-hardening is accompanied 
by a true precipitation, shown by a marked change in lattice constant. I am 
nclined to believe that these data are nearly beyond dispute. 

Dr. T. D. YENSEN:” It seems to me that the phenomenon of aging can be ex 
pressed as a stabilizing phenomenon. Most of us, including Dr. Sauveur, are 


interested chiefly in mechanical aging. I should like to interest you in another 


aging phenomenon that goes, perhaps, beyond what can be decided by the ordi- 


nary methods at our disposal at the present time, namely, magnetic aging of 
very pure materials. For this purpose I want to make use of the magnetic 
properties as a measure of aging because it is the most sensitive property that 
we have available, particularly when we deal with very pure samples. 
Ordinary commercial unalloyved iron invariably shows considerable aging. 
It may amount to as much as 100 per cent, and was the chief trouble in the early 
lays of electro-magnetic machinery. When silicon was added, aging disappeared 
entirely, but it was not until the precipitation theory was advanced just a few 
years ago that a satisfactory explanation of this phenomenon was had. AI!- 
though we do not yet have direct evidence in the form of microanalysis, we 
now believe that the rather startling aging phenomena that we find in pure iron 
are due to precipitation from solid solution of carbon, and, perhaps, oxygen, 
in the form of particles of FesC and FeO, in which form these impurities prob- 
ably distort the space lattice of iron even more than when in solid solution. Be- 


O. C. Ralston, Bulletin 296, Bureau of Mines, U. S. Department of Comme 
p. 95-114 


rce 


*Research laboratories, Westinghouse Electric and Manufacturing Co., East Pittsburg 
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cause of the impossibility of ascertaining these changes by microanalysis, 





have to devise other means to do so. This has not yet been done. 






We know that very pure iron is very susceptible to oxidation, as show 


for example, by the fact that a sample treated in hydrogen at a high tempe: 













ture, having a maximum magnetic permeability of over 200,000 when subject 
to vacuum treatment at 900 degrees Cent., may have a maximum permeabili 
of only one-tenth of this value. It was facts such as these that led me, a y 
ago, to believe that aging in iron at room temperature, may have been due 
oxygen diffusing into the iron. 

Our recent experiments, as discussed by Mr. Ziegler in his written di 
cussion in which a sample of iron treated in our laboratory in very pure d: 
hydrogen at 1400 degrees Cent. gave a maximum permeability of 200,000 (t! 
highest so far reported for unalloyed iron) have altered this early opinion. As thi 
sample showed no measurable aging after exposure to air at room temperatu 


for several months, we now believe that aging, as previously found in 





san 








ples of pure iron, is due to minute traces of impurities precipitating from soli 
solution, and that this latest sample contained impurities only within the tru 
solubility limit, which must be less than one thousandth of 1 per cent. As Dr 


2c. 


Mehl hoped, we have actually obtained a sample of iron which does not a 


~ 


I want now to divert from the question of aging to reply to a remark 
Dr. Sauveur’s paper. He has apparently misinterpreted my statements in 
pa} l ; : 
gard to allotropy of pure iron. I have not, as he states, based my 





reé 







belief o1 
the non-existence of allotropy in pure iron, merely on a claim “that we do not 


know and never will know the properties of pure metals.” In this case, my 


belief that pure iron may be free from allotropy is based on indirect evidence 







and upon such evidence as we have obtained lately that the A; and Ay trans 
formations are approaching each other rapidly, the purer we make the iron 
It must be recognized that even in such samples there are regions of high im 


purity concentraticn, and in a sample with an average carbon content of on 





thousandth ot 1 per cent, in the immediate neighborhood of a carbon atom, 





there may be produced an effect that may be just as great as in the sampk 
containing a hundred times this average amount. It 









is, therefore, possible 
that allotropic transformations may be spread by local lattice distortions to th: 
entire lattice. 

Author’s Closure 
Dr. Mehl’s remarks add much to the interest of the subject under dis 
cussion, and there is little that can be said in opposition to his views, which 


in the main agree closely with mine. I share his opinion that it is not yet fully 





demonstrated that aging after cold work deformation is like aging after quenching, 


a precipitation phenomenon. 






It seems to me readily acceptable, for the pres 
ent at least, to assume that a distorted space lattice 
much of the solute in solution. 





is less able to retain as 
Hence subsequent precipitation, or indeed pre 
cipitation during cold work deformation. 







he reappearance of the yield point in aged cold-worked steel, as Dr. Meh! 
remarks, remains to be explained. He reports the substantial aging after cold 
work deformation of a sample of extremely pure iron. It 





is an eccurrence 
that we have also observed and which leads one to wonder again whether aging 
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straining is a precipitation phenomenon. It is to be assumed that D1 


’s pure iron did not show any ‘substantial aging after quenching 


ax a 


\s a possible explanation of the aging of this pure iron after cold work 


rmation, Dr. Mehl puts torward the hypothesis that oxygen being pr 


LCS 


possibly as FeO, some of it, under the effect of deformation, may be 


con 
ted into FesO; and precipitate as such. This is, of course, purely specula 


and the presence of but 0.0025 per cent oxygen in this sample renders the 
idy acceptance of his explanation unlikely. 

[ realize that some solid solutions may exhibit symptoms of aging at room 
perature, such as increased hardness without any change in lattice constant 
id with decreased rather than increased electrical conductivity. Is this ab 
rmal (2?) behavior a proof of “knot formation,’ or is the knot formation 
eory the best we have at present to explain it? 

Dr. Ziegler notes that [ did not mention the changes of magnetic prop 


rties generally accompanying aging. While | am aware that such changes 


» occur, it was not my intention to consider all the changes of physical prop 


ties to be detected on aging, but rather to confine my remarks to changes 
physical hardening as an evidence of aging. It seems justified to assume, 
Dr. Ziegler does, that decrease of maximum permeability on aging is due 
precipitation and that, therefore, the purer the iron, the less should be that 
decrease In chemically pure iron it should never occur. The results he re¢ 
orts are very significant. 
Che announcement of Dr. Yensen that he had actually produced iron so 
ure that it will not age deserves more than passing notice. I understand that 
his conclusion is based on the fact that his pure iron shows no change in maxi- 
um magnetic permeability after a period of several months. Are we to infer 
that such iron will show no increase of hardening or of tensile strength afte 
cold work deformation followed by aging? It is to be hoped that Dr. Yen- 
sen will conduct the necessary tests to make sure of this fact. 
When a man so clear headed as Dr. Mathews has a good word to say about 
i writer’s contribution, the author has a right to experience a feeling of grati- 
fication and to believe that his work has not been in vain. 
[ would rather not at this time attempt an explanation which would rec- 
oncile the results reported by Dr. Mathews with my conception of the pre 
cipitation theory applied to the hardening and other heat treatments of steel. 
To do so now would involve too much speculation and, therefore, would be 
unprofitable. I hope to secure from Dr. Mathews a sample of the steel used 
yy him and to study its behavior and at some later date report the results. 
Since the publication of my paper, Dr. Rosenhain has called my attention 
o one of his contributions under the title of “The Hardening of Steel,’ read 
it the September meeting of the Iron and Steel Institute in 1924, in which 
views are expressed regarding the hardening phenomenon, if not identical, at 
least very similar to those I have outlined in my paper. I feel confident that 
no one will think that I have any desire to claim priority for any theory, even 
if I am entitled to it. I am solely interested in the progress of the science and 
art, to which I have devoted so many years of my life. ‘lo find myself in 
such close agreement with the views held by Dr. Rosenhain strengthens my be 


lief in their soundness. 
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Abstract 


[his paper describes an investigation to determine 
the location of the metastable eutectoid point in hypo 
eutectoid iron-carbon-silicon alloys containing one per cent 
of silicon. 

Steels containing from 0.14 to 0.76 per cent carbon 
were cooled through a range of rates including 5 and 100 
degrees Cent. per minute. 

A value was determined for the carbon content of 
an alloy which would be 100 per cent pearlitic. The 
approximate percentage arrived at was 0.92 per cent 
carbon. 

As well as confirming the results of previous works 
which show that the presence of silicon raises the tem- 
perature at which the A, transformation occurs, the data 
from this investigation indicate that in the presence of 
one per cent of silicon the carbon content of the eutectoid 
and also the temperature at which the eutectoid trans- 
formation takes place are functions of the per cent of 
carbon contained in the alloy. 


INTRODUCTION 


7. effect of silicon upon the eutectoid point in the metastable 
iron-carbon system is not a new subject but still warrants 
further study. The ternary constitutional diagram Fe-C-Si has 
been extensively studied by Gontermann' and by Sato? F. L. 
Meacham® has considered the effect of silicon on the A, transfor- 
mation in the metastable system. He found that for every per cent 










ot silicon the temperature of the transformation was raised 28 de- 





\See bibliography appended to this paper 
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[he earlier part of this paper is based upon a thesis presented by Schowalter and 
Delammatter in partial ful 


ulfllment of the equirements tor the degree of Master of Science 
in the Department of Metallurgy of Case School of Applied Science; the latter part of the 
investigation was conducted by A. E. Schowalter in the Research Department of National 
Malleable and Steel Castir s Ci mpany at Cleveland Che participation ot H. A, Schwartz 


has been in a supervisory capacity only. 
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rees Cent. H. A. Schwartz* and his co-workers studied the effect 
silicon on the eutectoid point both in the stable and metastable 
stems and determined the effect of silicon on the stable eutectoid 
irbon concentration. Hayes and Wakefield’ determined the effect 
silicon on the metastable eutectoid carbon content and concluded 
at silicon lowered this carbon concentration. The results of Hayes 
nd Wakefield showed that the carbon content of the eutectoid de- 
reased linearly with silicon content from 0.84 per cent in a silicon- 
ree alloy to 0.67 per cent in an alloy containing one per cent of 
ilicon. Sohnchen and Piwowarski,® while studying the effect of 
silicon in the stable equilibria, obtained in that system results agree 
ng almost exactly with those of Hayes and Wakefield for the 
metastable system. This agreement ts disquieting. It suggests that 
me group of observers or the other did not realize the intended 
onditions since it does not seem logical that conditions in the two 
systems should be in such close agreement. 

Reed,’ studying the general problem of the effect of third ele- 
ments upon the eutectoid carbon concentration in steel, was unable 
to secure acceptable results for silicon. Schwartz, Van Horn and 

g 


Junge 


were also unable to secure concordant results. In the light 
of the relative uncertainty of previous results and in consideration 
of the following viewpoints a restudy of the problem seems justi- 
hable. 

Investigation of the stable system requires that it be carried 
out with hypereutectoid alloys. Silicon is very probably insoluble 
in graphite and so the final equilibria are between carbon and homo- 
geneous austenite and hence binary and relatively simple. If there 
were initial dendritic segregation of silicon the system cannot be 
considered in equilibrium until the silicon has become distributed 
homogeneously through diffusion. Gontermann points out the diffi- 
culty of obtaining homogeneous specimens and advises that some 
homogenizing treatment should be used. This constitutes an ob- 
jection to the work of Hayes and Wakefield since their specimens 
were essentially in the as-cast condition. Aside from Gontermann’s 
observation this factor apparently has not been formally considered 
in any investigation. 


THEORETICAL CONSIDERATIONS 


Work on the metastable system has, generally, been with hypo- 
eutectoid alloys. In the temperature range between A, and A, such 
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alloys consist of homogeneous silico-ferrite and homogeneous sili 
austenite. We know from the phase rule that at a given tempe: 
ture and pressure they have one degree of freedom, and that 
carbon or silicon content of either phase is subject to arbitrary choi 
From the principle of conjugate compositions equilibrium abo 
the A, point may consist of any one of an infinite number of pai 
of compositions of homogeneous silico-ferrite and homogeneous si 
ico-austenite. The observed eutectoid transformation is_ that 
silico-austenite and is therefore probably a function of the silic 


concentration in the austenite. The distribution of silicon betwee 











the two phases is unpredictable but may be observed by its effe 
upon the critical point. In low carbon alloys, those with a larg 
volume of silico-ferrite as compared to silico-austenite, slight change: 
in the silicon content of the ferrite cause much greater variations 
in the silicon concentration of the austenite, and if the carbon cot 
centration in the austenite is affected by the latter’s silicon content, 
the range of possible carbon concentrations of the eutectoid becomes 


greater the lower the carbon content of the alloy. Conversely, 






when the volume of silico-austenite 1s very great in proportion to 
the volume of silico-ferrite the variations in the silicon content of 
the ferrite have a comparatively small effect upon the silicon and 


carbon contents of the austenite. The most accurate value for the 






carbon content of the eutectoid should be obtained by using an in 
finitely slow cooling rate and an alloy whose carbon content is 


exactly that which would produce a purely eutectoid structure. 






Under these conditions cooling would be sufficiently slow to attain 
equilibrium and at Acm,,,,, there is but one phase present where 
silicon content is that of the alloy and which has one definite trans- 


formation temperature. By this means the carbon content of the 










eutectoid should be found exactly since the silicon distribution be 


tween two phases is eliminated as a variable. 


I;XPERIMENTAL PROCEDURE 





The specimens for this investigation were made from the purest 
materials available so as to exclude as far as possible all but the 
three elements under consideration. The charge consisted of Armco 
ingot iron, ferrosilicon and wash metal which had previously been 


“killed” by melting in a high frequency furnace with sufficient ferro 





silicon to remove the oxides. The melts were made in graphite 
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lable I 
Chemical Analyses 


Sali 


ucibles lined with fused magnesia. The actual melting of all of 


alloys except the one which contains 0.62 per cent carbon was 
one in an Arsem vacuum furnace. The specimen containing 0.62 
er cent carbon was melted in a Kryptol furnace without exclusion otf 


1 


The weight of the charge for melts made in the Arsem furnace 
eraged 80 grams while the melt made in the Kryptol furnac 
veighed 170 grams. The total carbon, graphite and silicon contents 
Due to the nature of 


1 


the specimens used are given in Table I. 
in the alloys 


he ingredients and the procedure of melting, impurities 
were assumed to have a negligible etfect. 

The specimens used were made by grinding flat one end of a 
hree-fourths inch length from the soundest portion of each ingot, 
taken near the bottom of the piece and drilling a hole into the other 


end of the specimen large enough to insert a rare metal thermo- 


couple. 
The specimens were heated in a quartz tube sealed at one end; 
the stopper for the open end carried the thermocouple and a suit 


LS 


able connection for a vacuum pump. All heating and cooling of 


the alloys was done in a moderate vacuum in order to minimize ox1 


dation. The quartz tube, thermocouple and vacuum pump connec- 
tions were so arranged that the tube could be moved in and out of 


the furnace. This affords a simple means of adjusting the cooling 


Table Il 
Cooling Rates in Degrees Centigrade per Minute 
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rate. The individual cooling rates in degrees per minute are gi ” 
in Table II. ic 
Temperature measurements were made with a platinum, pl ry 
num-rhodium thermocouple in connection with a Leeds and Nor : 
rup K type potentiometer balanced against a Weston standard « 
The data for the calibration of the thermocouple are given in Ta < 
VI. 
\ll cooling curves were taken by the inverse rate method. | 
shows the type obtained with a specimen having a limited rang 
- 
o 
e 
2 
es 
° 
7 
= e 
ban e 
= ° 
~ * 
= 
—~ 
_ 
— 
Time Intervels, Seconds 
Fig. 1—Shows Type of Cooling Curve 
Obtained With a Specimen Having Limited 
Range lransformation. Curve Taken by 
the Inverse Rate Method Single Cusp 
Indicates Single Temperature at Trans 
transformation, while Fig. 2 is characteristic of alloys having a wide _ 
range of transformation. The double cusp indicates that different . 
ne , —_ ~~ rn . \ 
portions transtormed at different temperatures. Table III gives the : 
: . ca - . . : . . \\ € 
eutectoid transformation temperatures in degrees Cent. as obtained 
from such curves. Each specimen was cooled at several different " 
rates. 
- ° - > . () 
Atter each cooling the flat face was ground to a sufficient depth 
to remove any scale or decarburized surface layer of metal.* The es 
i 












“Some of the ularly high values for the carbon content of the eutectoid found 


the lower carbon specimens may b aused by failure to grind to a depth sufficient t 







com] letely remove the decarburized lavet 
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surface was then polished, etched with a 4 per cent solution of 
ric acid in alcohol, and a representative field was photographed 
QO diameters. Figs. 4 to 10 inclusive are examples of the struc 
s of the various alloys. 

Enlargements were made from the negatives to two and one-half 


es the original size. ‘rom these enlargements the relative 
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Fig. 2 Shows Type of 


Characteristic of Alloys Having a 
of Transformation Curve Taker 


verse Rate Method. The Double Cusp 

that Different Portions Transformed 

ent Temperatures 
amounts of ferrite to pearlite were measured with the intercept 
planimeter. From sixteen to twenty traverses each 10 inches long 
were run for each specimen and heat treatment. The averages 
vere used to determine the ratio of the amounts of the two phases 
for each alloy after every cooling. 

Before any cooling curves were taken the alloys were soaked 
tor two hours at 1000 degrees Cent. and cooled very slowly in order 
to give the silicon an opportunity to diffuse and become as uniformly 
listributed as possible. 

The percentage of pearlite in the different alloys for the various 
ooling rates is given in Table IV, and the carbon content of the 























Table III 


Eutectoid Transformation Point in Degrees Cent. 





All 





eutectoid as calculated from these figures and the combined carb 
in the respective alloys by dividing the carbon content of the all 
by the per cent of pearlite and multiplying by 100** are given i1 
Table V. 

Investigation of the low carbon alloys was completed before th 
work was begun on those whose composition more nearly approache: 
the eutectoid. It was already established that the relationship be 
tween the cooling rate and the temperature of the allotropic trans 
formation is such that the temperature of transformation is altered 
very greatly by rather small changes in cooling rate where that 
rate is in a certain critical range. The results of the first part of 


the work substantiated this observation. It was consistently tru 










that for all rates lower than and including 15 degrees Cent. per 
minute the critical points occurred in a group situated well above 
the accepted value for the iron-carbon metastable system, and that 
tor all cooling faster than and including 20 degrees Cent. per minute 





Table IV 
Per Cent of Area Which is Pearlitic 









This calculation neglects an unimportant correction for the difference in density of 
1 pearlit ucl irrection would unquestionably increase the apparent carbon 





ITRON-CARBON-SILICON ALLO} 127 


critical points occurred in a group well below the accepted trans 
rmation temperature. Silicon is one of that group of elements 
‘ich raises the A, transformation of the iron-carbon system, and 
istricts the gamma loop. It seems safe to assume that those 
ints which occur in the group above the recognized critical point 


the absence of silicon are the results of cooling which was slow 
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Per Cent Carbon i 


Fig Mean for 18 Values—38 to 76 Poi 
Than Critical Rate—-0.95 Per Cent Carbon 


enough to allow equilibrium conditions to exist, while the points 
in the lower group are there because of a rate sufficiently rapid to 
produce supercooling and a consequent depressing of the critical 
point. The last half of the work with the higher carbon alloys 


was therefore limited to those cooling rates slower than the critical. 
INTERPRETATION OF DATA 
3, in which the carbon content of the eutectoid is plotted 


Table V 
Percentage of Carbon in the Eutectoid 


Alloy 
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Fig. 4—Alloy Containing 0.14 Per Cent Carbon and 0.96 Per Cent 


7 Degrees Cent. per Minute. 


Fig. 5—Alloy Containing 0.28 Per Cent Carbon and 1.00 Per Cent 


3 Degrees Cent. per Minute. 


Fig. 6—Alloy Containing 0.38 Per Cent Carbon and 1.03 Per Cent 


14.6 Degrees Cent. per Minute. 


14.5 


Fig. 7—Alloy Containing 0.48 Per Cent Carbon and 0.94 Per Cent 
Degrees Cent. per Minute. 


All Photomicrographs Etched in 4 Per Cent Picro]l. Xx 100, 
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Fig. 8—Alloy Containing 0.49 Per Cent Carbon and 1.10 Per Cent Silico 
.3 Degrees Cent. per Minute. 

Fig. 9—-Alloy Containing 0.62 Per Cent Carbon and 1.13 Per Cent Silicon. 
7.2 Degrees Cent. per Minute. 

Fig. 10—Alloy Containing 0.76 Per Cent Carbon and 1.10 Per Cent Silics 
7.1 Degrees Cent. per Minute. 


All Photomicrographs Etched in 4 Per Cent Picrol 100 


against the carbon content of the alloys for three ot the slower 


cooling rates, shows quite clearly the trend of the carbon concentra- 


tion of the eutectoid. From 0.14 to 0.38 per cent carbon the observed 


range of carbon concentration in the eutectoid narrows and its average 
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Table VI 
Melting Points for Calibration of Thermocouple 


Substance Millivolts Degrees Cent. 
Lead 2.41 327 
Sodium Chloride 7.05 805 
Silver 8.73 961 







value decreases. In the alloys containing 0.38 per cent to 0.7 
per cent carbon the percentage of carbon in the eutectoid decrease 
insignificantly with increasing carbon in the alloy. The observe 
range of carbon content of the pearlite is less. If the trend line o 
this figure is extrapolated in the direction of higher carbon until 
it intersects a line whose ordinates equal its abscissz, 1.e., which rep 
resents the imaginary conditions that the alloy is metallographically 
completely eutectoid a point is obtained marking the most probable 
value of carbon concentration in the eutectoid in the presence of | 
per cent silicon. 

The probable value for the carbon content of the eutectoid 
as found by this method is 0.92 per cent carbon. The mean for 
the eighteen values obtained for the carbon in the pearlite in the 
alloys containing 0.38 per cent through 0.76 per cent carbon, after 
cooling at rates slower than the critical cooling rate was found to 
be 0.95 per cent carbon. This is in good agreement with the value 
obtained by the method previously described since for this group 
the readings have reached a plausible degree of constancy and show 
a very gradual tendency toward a lowering of the carbon content 
of the eutectoid with increasing carbon per cent in the alloy. 

The results as to the temperature of the A, transformation 
substantiate the findings of previous investigations. There seems 
to be no hard and fast rule according to which the exact location of 
the critical point may be predicted. The majority of the readings 
cover a range of 20 degrees between 727 and 747 degrees Cent. A 
given transformation may apparently (a) occur over a comparativel) 
narrow temperature range, and appear on a cooling curve as a single 
point, or (b) occur over a much broader range, and appear on a 
cooling curve as two separate points. These phenomena seem to 
occur at random and the influencing factors are not recognized and 
indeed form no part of this investigation. A connection with possi- 
ble variations in carbon and silicon content of silico-ferrite and silico- 


austenite, as previously explained, seems plausible since the total 
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of temperatures for all the slower rates and also the 
een the double points for individual specimens decreas 
SINL carbon content ot the alloy. 


(ONCLUSIONS 


Certain conclusions seem justihed from the foregoing data 
1) The earlier observation that silicon lowers the carbo 
ent of the eutectoid in the metastable 1ron-carbon system 1s not 
rmed. 
2) One per cent of silicon appears to raise slightly the pet 
of carbon in the metastable eutectoid. 
3) The apparent carbon content of the metastable 1ron-carbon 
ectoid containing one per cent silicon approximates 0.92 per cent. 
(4) The apparent carbon content of pearlite in alloys contain 
one per cent silicon varies with the carbon content of the alloy, 
perhaps as an expression of changes in the relative silicon content 
the austenite and ferrite. 
(5) One per cent of silicon raises the A, transformation 
tween 20 and 40 degrees Cent. The precise result probably depends 
ipon the distribution of silicon between ferrite and austenite. 
(6) If the explanation in conclusion (4) is admissible* then 
he carbon content of the eutectoid must mcrease materially with a 
suthcient increase in silicon. ‘This investigation has disclosed no 


rroborating evidence for this rather improbable assumption. 
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DISCUSSION 
Written Discussion: By Rk. H. Harrington, research laboratories, Gen 
Kelectri ._O.. Schenectad ; N \ 1 
When there is a marked disagreement between data given in the lite: e ( 
ture dealing with a subject of such interest as this one, it is a matte 
considerable importance to have additional new data as technique and apparatu 
are improved with ti W' 
\ summary of mu the valuable data concerning the Fe-Si-C syste: 
is contained in the monograp \lloys of Iron and Silicon, by Greiner, Mars! SI] 
and Bradley Stoughtor \ few points are of interest at this time. | 
\t A, there mai cur a temperature range of existence for the thr 
phases, alpha, eamma and irbide The eeneral slope of the A; transtorn 
tion line seems to be to higher temperature with higher carbon content, t 
silicon being kept ¢ nstal i 
lower the carbon cont 
3 Chere is a tender r the silicon to increase the solubility of carl 
in the alpha I it in plain carbon steel. 
known principles and facts it may be M 
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< l \ a cooling 


\r, transformation 12 ) wa 
rate used tor the sam« 


closer to equilibrium, than the 
ig. | Besides the possible 


two-cusp 


and, therefore, t]| 
to give a single cusp transtormation effect 
the I 


silicon composition variations as noted by the authors, 


] 
\ 
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lhe research problem 


the derived knowledge 


of two-stage allotropy as a factor 


by 


present d 
4) 


st and 

authors will continue their work 

to be done. 
Ontario Research Foun 
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ettie the question In the w riter’s opinion, this is SO because the iron ( 
eutectoid occurs over a range of temperature, as might be anticipated in 
nary system, and as has been shown to be the case by Hanson.” The 


ne that a more sSatistactory nethod for locating the eutectoid point 
bon-silicon system would involve the quenching of a series of samy 
me hypoeutectoid, some hypereutectoid—from temperatures slightly ‘in « 
he upper limit of the eutectoid range. | By determining microscopically wl 
was present in the quenched samples 1n association with martensite on thi 
ind, or whether cementite (or cementite plus graphite) was present i 
quenched samples in association with martensite on the other hand, or 


martensite was present 1n 


wl 
the quenched samples free from ferrite or ceme1 
a closer determination of the eutectoid poimt could be obtained than 


ap] 
likely to be obtained by the methods described by the authors. Thi 


WSs 18 Ss 


cause, although the eutectoid range is relatively narrow, errors may arise di 


reactions which naturally occur therein. 
Written Discussion: By W. P. Wood, metallurgical department, 
ersity of Michigan, Ann Arbor, Michigan. 


The iron-carbon-silicon system is a subject well worth extended st 


ead this paper with interest as being a further effort to clea: 


the effect of silicon on the iron-carbon eutectoid point. The authors have 


ried out an extended and well planned series of experiments and have int 


their results with considerable ingenuity. There are a few points, h 


ever, about which I wish to raise some question. 


In Figs. land 2and in Tabie VI the thermoelectromotive force of a platinut 


platinum-rhodium t 


1 thermocouple is reported in the hundreds ef millivolts. T] 


is due, | believe, to the omission of a decimal point between the first and s 


ey 1 : 
ond digits and may be an et 


rror overlooked in proof reading. I am most « 
however, in this connection with the calibration data given in Table 


j 
cerned, 


to inquire what the proportions of platinum and rhodium were in 
alloy wire ot the thermocouple. If the ordinary 10 per cent rhodium alloy w 


used, the data indicate that the couple used by the authors was some 30 to 4 


degrees Fahr. below the standard calibration for such couples and as a result 
he couple might be somewhat inaccurate despite the primary calibration mad 
| 


by the authors 


‘rom an inspection of Fig. 


1 it appears that the transition point has bi 


lesignated as occurring at the temperature of the extremity of the cusp. I b 


lieve a more accurate value would have been obtained if the temperature whet 


the cooling curve first shows a marked change in slope had been taken as dete 


mining the location of the transition. Possibly this was the actual procedu 


but 1t does not appear so from the figure. 


The authors have used an intercept method for determining the propor 


tions of pearlite in the various samples and have then apparently averaged tl 
values for each cooling rate and designated this average value as representit 
the true value for content of pearlite. I am wondering whether they ha\ 
accuracy of this method. [I rais 


this point since the final value of 0.92 per cent carbon which they obtain is 


any data which would indicate the limits of 
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htly removed from the usually accepted range of the eutectoid composition 
ron-carbon alloys. Might not values have been obtained which would lead 
to the conclusion that the silicon has had no effect on the carbon content 
the eutectoid, or even to lower it as has been found by some other inves 
tors: 
CHAIRMAN R. S. ARCHER: It occurs to me that one point of possible pra 
| interest in this determination which Dr. Schwartz could tell us more 
out perhaps, is the relationship between combined carbon as shown by chemical 
nalysis, and structure, from the standpoint of the incompletely graphitized ma! 
ible casting. One per cent of silicon is approximately the silicon content oi 
ost malleable castings, and quite a number of products are being made now 
which the matrix is at least partially pearlitic instead of ferritic 
We may wish to determine combined carbon chemically and know whether: 


ve have a completely pearlitic matrix or 75 per cent pearlite, or what. I im- 


] 
eine from that standpoint the carbon content of the eutectoid in a 1 per cent 


silicon alloy is of real interest. 

[ might answer one question that Dr. Schwartz said was put to him 
s to why there is the impression that the eutectoid carbon content is lower. 
| am one of those who had that impression, and it was based on some rathet 
scattered results which I obtained at Ann Arbor in 1917, 

[ was working with an iron containing about 3 per cent carbon and 1.05 
per cent silicon. In determining rates of graphitization, after samples had been 
heated for a certain length of time above the critical temperature, for example, 
they would be cooled rapidly and analyzed for total and graphitic carbon and 

difference for combined carbon. 

If the samples were quenched, they were of course sufhciently hard to 
make drilling or other sampling difficult. So I arrived at air cooling, or slightly 
delayed cooling, as a convenient procedure, and of course wanted to know how 
much that affected the remaining combined carbon. 

I found that samples which gave, on analysis, about 0.67 per cent combined 
carbon looked almost entirely pearlitic, and if I recall correctly, some analyses 
on specimens quenched from above the critical point gave only about 0.83 to 
0.84 per cent combined carbon. 

Now that bears a little on the method suggested by Mr. Ellis. That 1s, 
these samples had been heated until equilibrium was obtained above the A, 
temperature. In other words, at that temperature the structure consisted en- 
tirely of temper carbon and solid solution, and then on quenching, which | 
certainly thought should not greatly change the relative amounts of combined 
and graphitic carbon, the total amount of combined carbon left was well under 
0.90 per cent. 

That work was done in 1917, and it was student work, so do not attach 
excessive importance to its accuracy. However, I know that from that work | 
certainly received the impression that the eutectoid carbon content was under 
rather than over 0.90 per cent. Perhaps others have had similar experiences. 

Dr. H. A. Scuwartz: Did you have a stable eutectcid you were deter- 
mining ? 


R. S. ArcHER: In the air-cooled specimens the eutectoid structure appear- 
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Febru 


ing was pearlite; that is, the structure at least was that of iron and iron carbi 
H. A. SCHWARTZ: 





If you come down at the right rate you may real 





get a pearlite with too much ferrite because there is not too much carbon. 


R. S. Arcuner: It gave a structure that was almost entirely 








pearlit 















Ce. 







Authors’ Closure A. Schwartz ) 





The authors are indebted to those who have so kindly presented constructiy 
comment on their paper It seems appropriate to present some additional form 
discussion in elaboration and reply. 






We can add nothing regarding the history of the thermocouple beyond tl 


statement that its calibration was accurately reproducible and hence that wi 







have reasonable confidence in its readings. There was a typographical error i 
the location of the decimal point in the preprint. It is, no doubt, correct that 
the temperature to be assigned for a transformation is rather to be taken as 
that where a change of rate of cooling occurs than that where cooling is slowest 
The corrections involved would be rather small and approximately constant 
at least. Since the interest in temperature is mainly as a criterion of the cir 









cumstances under which a transformation took place, the corrections, if made, 
would not alter the subject matter of the paper. 

Mr. Showalter calls attention to the fact that the existence of a double o: 
single cusp bears no systematic relation to the cooling rate. 

The determination ot the eutectoid point from an investigation of the Aecm 
line by quenching methods is worthy of consideration. We may say in com- 
ment that since cementite in silicon-bearing alloys does not etch well with 








alkaline picrate and since silicon also accelerates the formation of pearlite dur- 
ing cooling, certain difhculties may be expected in the execution of the experi- 
ment suggested. 

We are particularly grateful for the demonstration of how greatly the in- 
terpretation of the data on low carbon alloys is influenced by slight changes in 
the assumed carbon content of ferrite. We should have evaluated our data by 
methods previously used in our laboratory, “Metastable Equilibrium in Hyper- 
eutectoid Iron-Carbon Alleys,” A. A. Bates, D. E. 







Lawson and H. A. Schwartz, 
TRANSACTIONS, American Society for Steel Treating, Vol. 18, page 659. 


Just 
as it was there possible 


to ascertain the composition of two phases by the 


simultaneous solution of two equations one may here arrive at an approxima- 








tion of the composition of ferrite and pearlite by the application of the method 
of least squares to the data for the several alloys grouped by cooling rate. We 
thus obtain the following results: 










Per Cent Carbon 








Cooling Rate No 





in Pearlite 



















































It seems evident from Table III of the paper that 








Per Cent Carbon 


in Ferrite 


**Soaked”’ 0.91 0.040 
l 0.89 0.058 

2 0.94 0.035 

3 1.23 0.005 

} 0.92 0.100 

5 1.035 0.027 

6 123 0.033 

1.7 0.330 


5, 6 and 7 
cooled and this phenomenon is observed also in the form of an increased ap- 





st 
th 
().( 


anlar et 5 
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DISCUSSION 


arbon content ot the pearlite in the table above lhe remainder should 
supercooled according to Table III but rate 3 above does seem to give 
e of this phenomenon. We may perhaps conservatively regard th 
specimen and those cooled at rates 1, 2, and 4 as representing identical 
rium conditions and assign the value 0.915 to the carbon content of pearlit 
1058 to that of ferrite. The former represents no material modification 
result reached in the paper through Fig. 3. : 
o determine the precision of our knowledge on this point we chose at 
m the records for specimen 7, cooling rate 1, and calculated separately the 
n contents of pearlite (ferrite assumed 0) for each of the twenty inter 
s obtaining the values 0.847, 0.842, 0.819, 0.819, 0.818, 0.818, 0.853, 0.823, 
0.824, 0.828, 0.829, 0.833, 0.812, 0.817, 0.837, 0.808, 0.859, 0.880, 0.822 
standard deviation of these readings from their average (0.832) is O.018 
the standard deviation of the average of a group of twenty readings should 


0.018 
or about 0.004. The planimetry is thus reliable with such precision 


v 20 
at the chance is many hundreds to one that the true value of the average lies 

the range 0.832 0.012, 1. e. between 0.82 and 0.844. The assumption of a 
nite carbon content for ferrite would lower the absolute values above, but not 
eir range. We can still be sure that it is extremely improbable that our 
animetric error can cause an error in pearlite carbon greater than 0.012 
This is not to say that we know the value 0.915 within this limit. 

The data on alloys 5 and 5A, heat treatments “soaked” and 1, 2 and 4 
should have given identical results save for lack of reproducibility of observa 
tions. We find the average pearlite percentage for the corresponding seven 
specimens to be 48.9; it should be 49.7 by calculation from the probable com 
osition of pearlite and ferrite. The standard deviation of a single observa 
tion from the observed average is 3.0 per cent pearlite and the expected stand 
ard deviation of the average of a group of seven is then 1.2—. This is one and 
one-half times the difference between the observed and calculated value hence 
there is no need to suppose that the seven specimens studied belong to a different 
universe from the entire group, i.e., the assumption of a straight line relation 

ferrite per cent and carbon content need not be discarded. 

If the probable value at 0.48 —0.49 per cent carbon is taken from the result 
of the least squares calculation, as it probably should be because of the lat 
ter’s wider experimental foundation instead of as the average observed value, 
the standard deviation of a single observation is not materially altered. It 1s 
thus probably safe to say that the true value of the pearlite content of material 
{ this composition must lie between 46.1 and 53.3 per cent or say within 7.2 
per cent of the calculated value 49.7, the carbon content of this pearlite must 
then lie within about 0.06 per cent of the computed value 91.7. 

This is the only group of sufficient size to make any comparison possible 
nd even here the numbers are far too few to attach great importance to these 

obability calculations. It seems, however, that since the original calculation 

least squares was based on 39 specimens as against 7 for alloys 5 and 5A, 
ie precision should be perhaps 2% times as good and an error of over 0.03 in 


he value 91.7 should not be expected. 
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evidence that a value such for example as obtained 
and Wakefield. could be confirmed by chance variations remaining i 
It is not quite so certain whether silicon 1s without effect on eutectoj 
or increases it slightly. The possible range of value between 88.7 
certainly does not entirely preclude a constant value. Be it noted in 
that a constant value for the eutectoid carbon concentration might be « 
if silicon is practically insoluble in gamma iron as compared with alpha 
an assumption, however, does not explain a change in transformation 
ature. 

\ linear relation of pearlite area and carbon content has been demo 
for the slower rate. For rates 3, 6 and 7 which yield high values for ¢ 
carbon content data on high carbon alloys are lacking to confirm such a ri 
\lloy 5, rate 7, suggests the possibility of a locus concave toward the 
carbon content. The other points are not inconsistent with a rectilinear 
of greater slope than for the lower cooling rates. The true state of affair 
remains somewhat in doubt. 

In addition to the point brought out orally by Mr. Archer we woul 
attention to another use in connection with graphitization for a knowled 
the constant here sought to be determined. Silicon accelerates graphitizat 
although it is believed to retard carbon migration. The gradient of concent: 


tion causing migration is the difference in solubility between carbon i 


stable and metastable state. A knowledge of the difference in solubility is 


of fundamental importance in any attempt to explain the quantitative effect 
silicon. 





THE STRUCTURE AND CONSTITUTION OF AN 
ALLOY STEEL 


By Owen W. ELLIs 


Abstract 


A description ts given of methods employed to dete 
mine the conditions under which a Widimanstatten struc 
ture appears m steel containing 0.33 per cent carbon, 0.09 
per cent manganese, 1.30 per cent nickel and 0.73 pe) 
cent chromium. These methods disclosed the fact that 
this steel under suitable conditions of cooling can exhibit 
four critical points, which have been named the Ar,’, Ar,’, 
Ar,” and Ar,” points respectively. At the Ar,' point 
part of the face-centered solid solution transforms 
into body-centered solid solution, at the Ar,’ poml 
the saturated face-centered solid solution in the vicinity 
of the body-centered solid solution already formed trans- 
forms into a ‘“‘conglomerate’ of body-centered solid solu 
tion and carbide of iron, at the Ar,” point such face-cen 
tered solid solution as remains unaltered changes into body- 
centered solid solution, the body-centered solid solution 
precipitating im the form of needles, (slower precipita 
tion), while at the Ar,” point the saturated face-centered 
solid solution lying between the needles changes into “con- 
glomerate.” The alternating needles of body-centered 
solid solution and interstitial “conglomerate” form the 
HWidmanstatten structure. 

(Under certain conditions of heating and cooling a 
given steel may show the Ar,f and Ar,’ points only, the 
Ar,” and Ar,” points only, all the points or, when the 
critical rate of cooling ts exceeded, only the Ar,” point, 
which corresponds to the point hitherto designated Ar”. 


Part 1.—Experimental Work 


INTRODUCTION 


N A PAPER recently presented to the American Society for Steel 
l 


Treating,' the author described the results of forging tests on a 


» W Ellis, “Further Experiments on the Forgeability of Steel,’ TRANSACTIONS, 
ierican Society for Steel Treating, Vol. 21, 1933, p. 673. 


A paper presented before the Fifteenth Annual Convention of the society 
eld in Detroit. October 2 to 6, 1933. The author is a member of the society 
nd is Director of Metallurgical Research, Ontario Research Foundation, 
oronto, Canada. Manuscript received June 12, 1933. 
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series of steels of different analyses. Samples of 1-inch diam 
and 1l-inch length were heated in triplicate to various predetermi: 
temperatures. Of three samples heated at these temperatures, 

was forged, one was quenched in water at about 20 degrees Ce: 


and one was cooled in still air at about 23 degrees Cent. The nm 









malized samples (those cooled in still air) were examined mici 
scopically and, for purposes of record, were photographed at a m: 
nification of 250 diameters. 

\s samples from some of the steels which had been cooled 
air from temperatures in excess of about 980 degrees Cent. (17' 
degrees Fahr.) were characterized by an interesting microstructur 


it was decided to inquire into the conditions which had resulted ii 





this formation. This microstructure will be referred to as Wid 


manstatten. Justification for the use of this term is offered in Figs 







3 and 4 reproductions ot photomicrographs ot samples of one of 
these steels, which had been heated to 1000 and 1100 degrees Cent.. 
respectively, prior to cooling. More usual structures are shown in 
igs. 1 and 2—sections of samples of this steel, which had_ beet 
normalized at 750 and 950 degrees Cent., respectively. The steel 
was of the following analysis: Carbon 0.33, Manganese 0.54, Nickel 
1.27, Chromium 0.70. 







Since, after the forging experiments had been completed, insuf 
ficient of this steel was left for further investigation, a bar of the 
following analysis, 1'@ inches in diameter, was obtained for the tests 
described below: Carbon 0.33, Manganese 0.69, Nickel 1.30, Chro 
mium 0.73. 


Description of Expertments—In all experiments of which the 












results can be said to have had any bearing on the solution of this 
problem, a small tube furnace, heated by four horizontal silicon-car 
bide resistors (globars), was used. This furnace could be moved 
backwards and forwards in a direction parallel to the resistors, move- 
ment being controlled by suitable guides. The resistors were con 
nected in series with a rheostat, by altering which the temperature 
of the furnace could be brought to a point slightly above that re- 
quired in each experiment. 

In the side of the furnace a small hole was drilled, into which 
was inserted a pyrometer protection tube. The closed end of this 


tube almost made contact with one of the globars. The hot junction 





of a platinum, platinum-rhodium thermocouple, the cold junction of 








“A 
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a 











CONSTITUTION 


Normal Sample Cooled in Still Air from 750 Degrees Cent 


One Inch 
from 950 Degrees Cent 


One Inch Normal Sample Cooled in Still Air 
One Inch Normal Sample Cooled in Still Air from 1000 Degrees Cent 
Inch Normal Sample Cooled in Still Air from 100 Degrees Cet 


hs Etched in 5 Per Cent Nital for Seconds 0) 


which was connected to one tork of a two-way switch, was placed 


in the tube. 
rom the two-way switch wires were carried to a single-point 
potentiometer recording controller which, calibrated for use with a 


chromel-alumel couple, could be made to operate and control the 


furnace over a wide range of temperatures by means of the couple 
referred to above. The control so operated that the temperature at 
the center of a sample within the furnace could be kept within 1 or 
2 degrees Cent. of the average temperature (over the range 800-1100 


degrees Cent.) for any length of time. 
From the other fork of the two-wav switch wires were carried 


to the cold junction (O degrees Cent.) of a calibrated chromel-alumel 


ouple. The hot junction of this couple could be inserted in the 


sample under investigation when desired. 
With this arrangement it was possible to hold the furnace under 
control and the sample at constant temperature, and then, by means 
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of the two-way switch, almost simultaneously to disconnect the 

nace from the controller and to connect the chromel-alumel ther; 
couple in the sample to the recorder so as to obtain a record of 
temperature of the steel. 

By using suitable gears a device was built which moved the 
troller chart forwards at a rate of 1 inch in 11% seconds (5.2 inc} 
per minute), whereas under normal circumstances it travelled a 
rate of 1 inch in 20 minutes. 


NS 170 
Omex. B8IF°%C 


Fig 
The test samples were shielded from the direct radiation of the 


globars by means of a silica tube. In some cases a 1l-inch I.D. tube, 


open at both ends, was used; in other cases a 1'%4-inch I.D. tube, 
closed at one end, Was used. 


\When the smaller tube was used, it was supported at both ends 


in such a Way that the furnace could be moved parallel to the length 


of the tube, the tube being concentric with, but independent of, the 
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Stoppers were fitted into the ends of the tube. and dry 

was passed through it while the sample was being heated 
he larger tube was supported at one end only; otherwise, its 
Jy in relation to the furnace was like that of the smaller tube. 
samples were to be heated for short times at temperatures be- 
bout 950 degrees Cent. (1740 degrees Fahr.) the tube was left 
but when samples were to be heated for longer periods below 
emperature, or for shorter periods at temperatures i excess 
the tube was fitted with a stopper and evacuated. 

(he samples were all machined from the same bar but varied 

inch diameter to 1'g-inch diameter by '-inch steps. The 
ths and diameters of the samples were equal. Two holes were 
ed in each sample, one axially to a depth equal to half the length 
the sample. This hole was recessed slightly at the open end to 
a small-diameter silica tube, through which the thermocouple 
for measuring the temperature of the sample could be pushed. 
e second hole was drilled parallel to the first and was adjacent 
the recess. This hole was about ' inch deep and was threaded 
receive the screwed end of a steel rod which served as a handle 
the test sample. Rods of different lengths were used, as required. 
he silica thermocouple tube, after being fitted into the recess, was 
nly lashed to the handle with nichrome wire, so that a rigid ar 
ngement of parts was obtained. The tube and handle were then 
tted into a stopper of suitable size. 

Che silica thermocouple tube in the stopper for the l-inch I.D. 
ihe served as an exit for the nitrogen, which was introduced through 
glass tube in the stopper at the opposite end of the furnace. In 
stopper for the 1!4-inch I.D. tube there was a small glass tube 


vhereby connection could be made to a vacuum pump. 


Che sequence of operations during the treatment of individual 


mples was as follows: 

a. The furnace was raised to and held at a predetermined tem 
rature (which will be referred to as @nyax.) for about 34 hour. 
When the smaller tube was used, the sample was placed in a post 

at least 10 inches from the furnace while the latter was being 
ited. Meanwhile, the furnace enclosed that part of the tube near 
the stopper through which the nitrogen was entering. When the 

inch diameter tube was used, the sample was placed in position 
the tube, the furnace being placed, while heating, beyond the closed 
ot the silica tube. ) 
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b. \fiter about 34 hour—or less, if a series of runs wa 


made—the furnace was shifted until it enclosed the sample, th 









heing set at the center of the furnace. 


c. After about 10 minutes the temperature of the samy as 
measured by means of a chromel-alumel thermocouple whi as 
connected either to a Cambridge workshop pattern thermocou 0 
tentiometer, or, more rarely, to a Cambridge laboratory pattern the; 


mocouple potentiometer. A new couple was used for every det 







nation of temperature above 950 degrees Cent. ( 1740 degrees F; 


It was calibrated both before and after each determination of 


















em 
perature at the freezing point of tin. When long runs were being 7 
made, observations of temperature were made at least twice during re 
the run. 0 
d. After 15 minutes or 130 minutes the furnace was disco) . 
nected from the power lines. Simultaneously, the two-way switel et 
was thrown from the control position to the chart position. Withi ad 
five seconds the furnace was shifted away from the sample and th : 
gears set in motion for moving the chart forwards beneath the poten se 
tiometer needle at the 5.2 inch per minute rate. 4 
When these operations had been completed, the potentiomete! wa 
needle of the recorder-controller would swing over the chart until ” 
halance had been reached. From that time on, a record of the tem a 
perature at the center of the cooling sample would be obtained on th a 
chart. The chart being marked with parallel lines 1 inch apart, it s 
Was an easy matter later to record the temperatures registered at th 
l-inch (equivalent to 11% seconds) intervals in curves which could . 
be reproduced in this paper. a 
The rate of cooling of the steel was controlled by varying th | 
size of the sample used, by using an electric fan, or by opening the a 
laboratory windows—when, for example, the temperature outside the iat 
laboratory was distinctly lower than that inside. When the smaller i 
tube was in use, the rate of cooling could be controlled by altering 
the rate of flow of nitrogen over the sample. 1 
Most of the work was done on samples 34-inch diameter and Q 
less. Larger samples generally cooled too slowly to cause the forma 
tion of the Widmanstatten structure. , 
I’xperiments were conducted in which a series of “4-inch diam ny 


eter samples was allowed to cool at approximately the same rate from 
1035 degrees Cent. (1895 degrees Fahr.) to certain predetermined 


temperatures, when they were quenched to produce structures, the 
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of which would allow the changes which had occurred during 
ie to the quenching temperatures to be determined. 
With rare exceptions, the cooling curves covered the range 850 
degrees Cent. A number of curves were taken over the range 
350 degrees Cent., but no results of the work on these samples 
included in this paper, later experiments having served to con 
the earlier findings. In rare instances only were @yax. and 
rate of cooling such that balance in the potentiometer circuit was 
reached until the temperature of the sample had fallen below 850 
rrees Cent. 
\fter each sample had cooled to 150 degrees Cent., the thermo 


uple by means of which its temperature had been measured during 


oling was removed and immediately calibrated at the freezing 

int of tin. If the calibration of the thermocouple was unsatisfac 
tory, as very occasionally happened, the cooling curve was discarded 
ind the sample set aside. 

The sample was now separated from the handle and suitably 

arked. Later it was cut in half, the cut being made at right angles 
to the axis of the thermocouple hole. The solid half of the sample 
was then carefully ground, polished, etched for 5 seconds (usually 
ina fresh solution of 5 parts of concentrated nitric acid in 100 parts 
of ethyl alcohol), and finally examined under the microscope. The 
halves of the samples which contained the holes were set aside in 
case of loss of the undrilled portions. 

Photomicrographs at 250 diameters were made of all the pre 
pared samples ; some, however, were subjected to more critical exam 
ination, and of these photographs at 750 diameters were taken. 

Cooling curves for all the samples and estimates of their times 
of cooling from 850 to 350 degrees Cent. were made. ‘This range 
was chosen because within it were included all the critical points ob 
served in the steel under the conditions of these experiments. 

It may be noted that a fairly close connection was found to exist 
between the time of cooling and the rate of cooling at, for example, 
S00 degrees Cent. This could be demonstrated fairly well by super 

osing the cooling curves of samples which, though they had been 

heated to and held at widely differing temperatures, had cooled from 
S30 to 350 degrees Cent. in approximately the same time. 

To illustrate this point, the redrafted cooling curves of samples 

S. 149 (continuous line) and N.S. 170 (broken line) have been 

uperposed in Fig. 5. The former was cooled from 1070 degrees 
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Cent. (1960 degrees Fahr.), the latter from 893 degrees Cent. 
degrees Fahr.). The practical coincidence of these curves ov: 
ranges 900-620 and 425-150 degrees Cent. is manifest. 

It was found convenient to arrange the cooling curves \ 
samples according to their estimated cooling times over the ch 
range, rather than to arrange them according to their estimated 
ing rates at some arbitrarily chosen temperature. 











EXPERIMENTS MApDE TO DETERMINE THE EFFECT OF CooL? 
TIME ON STRUCTURE 





Here the results of several series of experiments will be 
scribed which had for their object the discovery of the conditions 
requisite for the production of the Widmanstatten structure in this 
steel. Discussion of these results is reserved for a later section of 
this paper. The structures observed in the samples subsequent t 
cooling from O@nax. after having been raised to and held at that tem 
perature for 15 minutes, have been divided into four main groups, 
which are classified in Table I. 

































Table I 

Classification of Structures Observed in the Steel Subsequent to Varicus Rates of Cooling 
Group 1 Grains of conglomerate enclosed in ferritic network .............. Figs. ¢ 5 
Group 2a Grains of conglomerate, together with grains of conglomerate plus 

Widmanstatten, both enclosed in a ferritic network ......... .. Figs. 
Group 2b Proportions of conglomerate and Widmanstatten approximately equal.. Figs. 10, 
Group 2¢ Wy STINRTIEN GORMIIELY Ti EXCESR ciicccccnnenscecesecwees seme Figs. 12, > 
Group 3 er I NIE ooo crate crac. c viush boa & pele ea ceiew k Bee eee Cee eee Figs. 14, > 
Group 4 Widmanstatten with martensitic areas .........ccccccccccccccccecs Fig. 16 





‘The author has found it difficult to fit these structures into the classi- 
fication adopted by Robertson,’ though there is similarity between 





~~ 


Groups 1 and 2 in both classifications. Typical photomicrographs otf 
these structures are reproduced in Figs. 6-16. 

The term “conglomerate” has been used to designate the cot 
tinuous dark-etched areas which characterize some of the structures 
classified in Table I. This has been done to avoid the necessity for 
distinguishing between structures which are constituted of solid solu 
tion of carbon, etc. in body-centered iron and iron carbide, but in 
which these constituents vary in their mode of distribution. “Con- 
glomerate” might well be referred to as a “species” of structure, 0! 


which pearlite, sorbite, troostite, and mixtures of these are “‘varie 











2*Robertson. 


Journal, Iron and Steel Institute, Vol. 114, 1929, p. 391. 
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Fig. 6—Structure of Sample Heated to 1107 Degrees Cent. Minutes) and Cooled 
) to 350 Degrees Cent.) in 626 Seconds. 

Fig. 7—Structure of Sample Heated to 858 Degrees Cent. 5 Minutes) and Cooled 
0 to 350 Degrees Cent.) in 221 Seconds. 

Fig. 8—Structure of Sample Heated to 1115 Degrees Cent 5 Minutes) and Cooled 
} to 350 Degrees Cent.) in 482 Seconds. 

Fig. 9—Structure of Sample Heated to 945 Degrees Cent. (15 Minutes) and Cooled 
to 350 Degrees Cent.) in 337 Seconds. 

Fig. 10—Structure of Sample Heated to 1097 Degrees Cent. (15 Minutes) and Cooled 
'} to 350 Degrees Cent.) in 380 Seconds 

Fig. 11—Structure of Sample Heated to 991 Degrees Cent. (15 Minutes) and Cooled 
_ to 350 Degrees Cent.) in 437 Seconds. All Photomicrographs Ete hed in 5 Per Cent 
il for 5 Seconds. “ 250. 


s. In the samples examined the conglomerate was generally 
oostitic. 











The 









































Fig. 17. 
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“Widmanstatten” 


areas which characterize some of the structures. 
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Table Il 


4 





THE 





refers to 


chemical composition, to the conglomerate. 


cooling time (850-350 degrees Cent. ). 


Time 
ot Cooling 
(850-350°C.) 
(Sec.) 
234 
221 
210 
209 
207 
205 
198 
194 
189 
185 
182 
175 
170 
169 
165 
150 
149 
139 
123 
109 
OR 
96 
92 
89 
87 
85 
Q5 
80 


5 


A. &. 


the 


max 
(15 Min. 
Heat- 
ing) 
e"@).) 
936 
858 
978 
1069 
995 
893 
1002 
891 
900 
865 
1017 
1049 
874 
854 
1043 
893 
900 
930 
936 
892 
903 
892 
875 
874 
853 
1048 
1124 
891 
1121 


rated solid solution of carbon, etc. in face-centered iron. 


] 


prise (1) blades or plates of solid solution of carbon, etc. 


Structure 


2a 


continuous 


in 
centered iron (light portions) and (2) interstitial matter (dar 
the products of the dissolution of 
This ; 


stitial matter corresponds in constitution, though not of necessi 


The structures obtained subsequent to cooling at various 


2b 


These areas 


tions ), composed of solid solution of carbon, etc. in body-ce1 


) 


aC 


from a series of temperatures between about 850 and about 1100 
degrees Cent., the samples having been heated to and held at @,,,, 
during 15 minutes, are filed in Table II and arranged graphically in 
In Table II the samples have been arranged in order of 


From Table II and Fig. 17 it will be seen that when 4, falls 
below about 975 degrees Cent., the time of cooling (850-350 degrees 
Cent.) requisite for the production of the Widmanstatten structure 
decreases somewhat, and, further, that when 6x. falls below about 








| 
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Fig. 12—Structure of Sample Heated to 1111 Degrees Cent. (15 Minutes) and Cooled 
850 to 350 Degrees Cent.) in 290 Seconds. 
Fig. 13—Structure of Sample Heated to 853 Degrees Cent. (15 Minutes) and Cooled 
50 to 350 Degrees Cent.) in 87 Seconds. 
Fig. 14—Structure of Sample Heated to i002 Degrees Cent. (15 Minutes) and Cooled 
850 to 350 Degrees Cent.) in 197 Seconds. 
Fig. 15—Structure of Sample Heated to 891 Degrees Cent. (15 Minutes) and Cooled 
$50 to 350 Degrees Cent.) in 80 Seconds. 
Fig. 16—Structure of Sample Heated to 1117 Degrees Cent. (15 Minutes) and Cooled 
850 to 350 Degrees Cent.) in 97 Seconds. All Photomicrographs Etched in 5 Per Cent 
Nital for 5 Seconds. X 250. 


915 degrees Cent. (1680 degrees Fahr.), this time of cooling falls 


to about one-third that when O@nax. is greater than 975 degrees Cent. 


In samples which had been heated to and held at temperatures 
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below about 915 degrees Cent., the time of cooling became imp: 
it) its effect upon the amount ot solid solution ot carbon, etc. in 
centered iron which formed before the face-centered solid sol 


hecame saturated to the point where iron carbide precipitated 
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Fig. 17—Effect of Time of Cooling on Structure of Samples Heated to A 


Different Temperatures 





at the eutectoid temperature). The proportion of conglomerate in 
these samples became distinctly less as their time of cooling (850-350 
degrees Cent.) increased. This effect of cooling rate was not visi 
ble in samples which had been heated to temperatures above about 
915 degrees Cent., simply because the maximum times of cooling in 
these experiments only just prevented the formation of Widman- 
statten structures. 





IKFFECT OF @max. ON THE GRAIN SIZE OF STEEL 





In samples consisting entirely of conglomerate, the sizes of the 
grains varied in accordance with the temperatures (Omax,) to which 
the samples had been raised. The relation between @max. and the 
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number of grains of conglomerate per square millimeter 
ss section is shown in Table III and in Fig. 18. 

will be seen: (1) that a marked increase in grain size re 
from heating samples to temperatures above 1000 degrees 
and (2) that grain growth proceeded most rapidly within the 


erature range 9OO-1000 degrees Cent. 


G00 950 


T , 
emperelure Omax , 


Fig. 18—Relationship Between Omax. and Grain Size 


Samples heated (15 minutes) to temperatures within the range 
900-950 degrees Cent. contained both large and small grains of con 


elomerate. A structure typical of such material is shown in Fig. 


19, a reproduction of a photomicrograph of a sample that had been 


heated to and held at 940 degrees Cent. during 15 minutes and had 


cooled from 850 to 350 degrees Cent. in 532 seconds. 


Table Ill 


Omax 


Sample Number Cea es Millimeter 
N.S.115 1108 
212 1083 
211 1936 
209 1006 
207 993 
168 940 
198 919 
170 893 
183 874 
178 854 
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It may be noted that, whatever the type of structure withi; 
erains, their size appeared to be the same for any given valu 
Onax. When rates of cooling resulting in a Widmanstatten stru; 
(Group 3 or Group 4+) were employed, this opinion found sup 
not upon observation of grain size, but rather upon observation 


the size of the blades and plates in the structure. 








I< pERIMENTS MADE TO DETERMINE THE EFFECT OF TIM! 
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HEATING AT O0max. ON STRUCTURE 





I’xperiments were made to determine the effect of time of lh: 


ing at @max. on the structure of the steel. In these the time of heat 
to and holding at @max. was extended from 15 to 130 minutes. 


In one series Onax 


was approximately 1100 degrees Cent. (21 


degrees Fahr.). The structures produced as a result of cooling 








different rates from this temperature after 130 minutes heating were 
practically identical with those shown in Figs. 6, 8, 10, 12, 14, and 
16—photomicrographs of samples which were heated to about 1100 
degrees Cent. for 15 minutes before cooling at about the same rate: 
as the samples in this series. 

Kig. 20 shows the structure of sample N.S.126, which was 
heated to and held at 1100 degrees Cent. during 130 minutes and 
then cooled from 850 to 350 degrees Cent. in 351 seconds. The 







likeness between this structure and that shown in Fig. 10 (sampk 
N.S.114, @max. 1097 degrees Cent., time of heating 15 minutes, time 
of cooling 380 seconds) is manifest. 





The structural similarity be- 
tween other samples heated to about the same temperature for dif- 
ferent times (15 and 130 minutes), though cooled at about the same 

















rates, was in many cases even more striking. What was true of 
samples heated to 1100 degrees Cent. for the two different times 
and cooled at different rates was true of the samples heated to about 
1050 and 1000 degrees Cent. 

It was only when 6nax, was below 1000 degrees Cent. that the 
time of heating became important in its effect on structure. Grain 
growth then became evident after prolonged heating. For example, 
sample N.S.170 was heated to and held at 893 degrees Cent. during 
15 minutes, then cooled (850-350 degrees Cent.) in 205 seconds. The 
structure of the sample was of Group 1, Table I (Fig. 7). On the 
other hand, sample N.S.174, which was heated to 900 degrees Cent 
during 130 minutes and cooled (850-350 degrees Cent.) in 189 


le a st Le eee 









“ae rs 


CONSTITUTION OF ALLOY STEEL 





19—Structure of Sample Heated to 940 Degrees Cent. (15 Minutes) and Cooled 
0 to 350 Degrees Cent.) in 532 Seconds. 
Fig. 20—Structure of Sample Heated to 1100 Degrees Cent. (130 Minutes) and Cooled 
50 to 350 Degrees Cent.) in 351 Seconds. 
Fig. 21—Structure of Sample Heated to 900 Degrees Cent. (130 Minutes) and Cooled 
50 to 350 Degrees Cent.) in 189 Seconds. 
Fig. 22—Structure of Sample Heated to 876 Degrees Cent. (130 Minutes) and Cooled 
850 to 350 Degrees Cent.) in 192 Seconds. 
Fig. 23—Structure of Sample Heated to 876 Degrees Cent. (130 Minutes) and Cooled 
850 to 350 Degrees Cent.) in 192 Seconds. 
Fig. 24—Structure of Sample Heated to 857 Degrees Cent. (130 Minutes) and Cooled 
850 to 350 Degrees Cent.) in 225 Seconds. All Photomicrographs Etched in 5 Per Cent 
Vital for 5 Seconds. X 250 Excepting Fig. 22—X 100. 


seconds, had the structure shown in Fig. 21. At a few well-marked 


centers throughout the section were large grains of Widmanstatten 
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structure. The smaller grains were of about the same size as 
in sample N.S.170. 
Fig. 22 shows a similar structure in a sample (N.S.188) w 


had been heated to 875 degrees Cent. during 130 minutes and 
sequently cooled from 850 to 350 degrees Cent. in 192 seconds. 
structure within all the larger grains in this sample was like tha 
Fig. 23. It was Group 2b. 

Samples heated for the longer period at about 850 degrees C 
did not show the same grain growth as did the samples hea 
for the same time at higher temperatures. Fig. 24 shows the lai 
est grain (only seven others approached it in size) found in an ¢ 
tire cross section of a sample 5 inch in diameter (N.S.180), whi 
had been heated to and held at 857 degrees Cent. during 130 mi 
utes and had been cooled (850-350 degrees Cent.) in 225 second 
This structure may be compared with Fig. 7, that of a sample 
(N.S.179) heated to and held at 858 degrees Cent. during 15 min- 
utes and cooled (850-350 degrees Cent.) in 221 seconds. The cool 
ing curves of the two samples agreed closely except at the eutectoid 
temperature; the carbon change beginning at 640 degrees Cent. 
in the latter sample, and ending at 585 degrees Cent. + in the former 
The carbon change began in the former at about 600 degrees Cent. 

It will be seen that grain growth is slow at 850 degrees Cent 
and below. The use of the word “below” here needs explanation, 
since the Ac, point for this steel was in the neighborhood of 790 
degrees Cent.—only 60 degrees Cent. below @nax. When O@max, was 850 
degrees Cent. Grain growth quickens as @max, rises from 850 to 950 
degrees Cent. At temperatures of 975 degrees Cent. and upwards 
it proceeds so rapidly that equilibrium is reached within a few min 
utes of the introduction of the sample into the heating zone; hence, 
little or no change in structure results from prolonging the time of 
heating to and holding at @nax. from 15 to 130 minutes. 

The structure of the large grains in samples which had been 
heated for 130 minutes at 850 and 865 degrees Cent., respectively, 
was a modification of Group 1. A photomicrograph of one of the 
large grains in sample N.S.187, which had been heated to and held 
at 8605 degrees Cent. during 130 minutes, is shown in Fig. 25 (see 
also Fig. 24). This sample cooled from 850 to 350 degrees Cent. 
in 185 seconds. Fan-shaped areas of distinctly darker tone than the 
main body of conglomerate appear to radiate inwards from three 
foci in the boundary. It is not impossible that the dark areas within 
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rge crystal in Fig. 25 are sections of hemispherical bodies orig- 

og al foci on the crystal boundary either below or above the 

e exposed for examination. Emphasis should be placed upon 

ifference between the structure at the center of this large grain 

ch can best be described as incipient Widmanstatten) and that 

e center of the large grain shown in Fig. 22; the latter represents 

structure of a sample (N.S.188) heated for the same time to a 

erature 11 degrees Cent. higher and cooled from 850 to 350 

ees Cent. at about the same rate (actually in 192, instead of 185, 
nds ). 

[t would appear that the production of the Widmanstatten struc- 

in the larger grains of samples containing both large and small 

ystals is facilitated as Onax, 18 raised from 850 to 900 degrees Cent. 

nfirmation of this view is afforded by sample N.S.174 which, i 

may be remembered, was heated to and held at 900 degrees Cent. 


luring 130 minutes and was cooled from 850 to 350 degrees Cent. 


189 seconds. The structure within a large grain in this sample 
vas shown in Fig. 21. It was characteristic of all the large grains 
the sample and was of Group 3, Table I. 


BEHAVIOR OF THE STEEL DURING CooLING FROM 1035 DEGREES 
CENT. AT A PREDETERMINED RATE 


ach of a series of 10 samples was heated to 1035 degrees Cent. 
(1895 degrees Fahr.) and then allowed to cool to a predetermined 
temperature, at which point it was quenched for the purpose of 
judging what structural changes, if any, the sample had undergone 
during cooling. 

The samples were quenched at the following temperatures: 700, 
675, 650, 625, 600, 575, 550, 525, 500, and 475 degrees Cent. Cool- 
ing curves of all the samples were made and subsequently replotted. 
he replotted curves have been reproduced in Figs. 26, 27, and 28. 

four of the samples (N.S.146, 145, 144, and 147) had struc- 
tures of the type shown in Fig. 29; four (N.S.136, 137, 138, and 
l41), of the type shown in Fig. 30; and two (N.S.142 and 143), of 
the type shown in Fig. 31. 

Samples N.S.146 (Q. 700° C.), N.S.145 (Q. 675° C.), N.S. 
l44 (Q. 650° C.), and N.S.147 (Q. 625° C.) were martensitic. In 
samples N.S.144 and N.S.147 ferritic areas at many points in the 
section indicated some transformation of face-centered solid solution 
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at the boundaries of the grains. Fig. 29 shows the structure 
N.S.144. Ferritic areas are clearly visible. 

It would appear that with the rate of cooling employed in t 
set of experiments the Ar, point is depressed to a temperature | 
tween 675 and 650 degrees Cent., since no body-centered solid sol 


tion was present in sample N.S.145 (Q. 675° C.), whereas in sat 


0. 
NS 146 | NS 145 \ NS144 | NS147 | 


Fig. 26—Cooling Curves of Steels Heated to Omax 
1035 Degrees Cent. and Quenched at 700, 675, 650 
and 625 Degrees Cent. Respectively. 


<. 


Fig. 27—-Cooling Curves of Steel Heated 
to Omax 1035 Degrees Cent. and 
Quenched at 600, 575 and 550 Degrees Cent. 
Respectively. 


ple N.S.144 (Q. 650° C.) quite a few ferritic laminae had started to 
form. 


Between 625 and 600 degrees Cent. partial transformation of 
the still untransformed face-centered solid solution occurred. This 
transformation, which resulted in the formation of conglomerate, 
started at points in the vicinity of the ferritic laminae throughout 
the sample (see Fig. 30). Those portions of the face-centered solu- 
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mm, which remained unchanged between 625 and 600 degrees Cent., 
inderwent transformation on quenching, appearing in the quenched 
ample with a martensitic structure. 

Although the conditions of heating and cooling samples N.S. 
136, 137, 138, and 141 appeared to be so nearly identical as to be 


NS 141 | NS142 | NS143 


Fig. 28—Cooling Curves of Steels Heated to Qmax 
1035 Degrees Cent. and Quenched at 525, 500 and 475 
Degrees Cent. Respectively. 


indistinguishable, the rates of cooling of the samples to the quench- 
ing temperature, as observed by the thermocouple, were appreciably 
different, as may be seen by reference to Figs. 27 and 28. However, 
by fitting the curves shown in Figs. 26-28 to curves of similar slope, 
but covering the temperature range 850-350 degrees Cent., it has 
been possible to estimate what would have been the cooling times of 


Table IV 


Estimated Cooling Time 
Sample Number (850-350° C.) 
ee a ne eee 350+ seconds 
145 50+ seconds 
146 350+ seconds 
147 300+ seconds 
136 seconds 
137 5+ seconds 
138 300+ seconds 
- seconds 
+ seconds 
- seconds 


ZL aM Aaa a 
ninnnnnninin 


*Probably between 300 and 
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25—-Structure of Sample Heated to 865 Degrees Cent. (130 Minutes) and Cooled 
(850 to 350 Degrees Cent.) in 185 Seconds. 

Fig. 29—Structure of Sample Heated to 1035 Degrees Cent., Then Cooled 
Degrees Cent. (850 to 350 Degrees Cent.) in 350 Seconds and Quenched. 

Fig. 30—Structure of Sampie Heated to 1035 Degrees Cent., Then Cooled 
Degrees Cent. (850 to 350 Degrees Cent.) in 375 Seconds and Quenched. 

Fig. 31—Structure of Sample Heated to 1035 Degrees Cent., Then Cooled 500 
Degrees Cent. (850 to 350 Degrees Cent.) in 400 Seconds and Quenched. 

Fig. 32—Structure of Sample Heated to 1035 Degrees Cent., Then Cooled to 500 
Degrees Cent. (850 to 350 Degrees Cent.) in 400 Seconds and Quenched. 

Fig. 33—Structure of Sample Heated to 1035 Degrees Cent. and Cooled to Room 
Temperature (850 to 350 Degrees Cent.) in 350 Seconds. All Photomicrographs Etched in 
5 Per Cent Nital for 5 Seconds. < 250 Excepting Figs. 32 and 33— xX 750. 


the samples over this range, had they not been quenched. Table IV 
gives the results of these experiments. 





CONSTITUTION OF ALLOY STEEI 159 


he average cooling time (850-350 degrees Cent.) for the series was 
ughly 350 seconds. Such variations in the proportions of conglom 
‘te as were observed in samples N.S.136-N.S.143 supported the 
ew that the greater the rate of cooling, the less are the number of 
ransformation foci which form during cooling of the steel from 
ir.’ to Ar,’. 
It would appear that with a cooling time (850-350 degrees Cent. ) 
about 350 seconds, (1) transformation of face-centered solid so 
ution (Ar.’) commences within the temperature interval 675-650 
legrees Cent., and (2) transformation of those portions of the face 
entered solid solution in close proximity to the body-centered solid 
solution which has already formed (Ar,’) occurs within the temper- 
ature interval 625-600 degrees Cent. 


Turning to Fig. 31, which is representative of samples cooled 


1 


below 525 degrees Cent. before quenching, this shows the structure 
of sample N.S.142, quenched at 500 degrees Cent. It will be seen 
that those portions of the face-centered solid solution which had not 
undergone decomposition above 525 degrees Cent. had begun to trans- 
form within the temperature interval 525-500 degrees Cent. Blades 
of body-centered solid solution can be seen in the martensitic matrix 
which was formed in the steel as a result of quenching. 

The difference between the structure of steels quenched from 
above and below 475 degrees Cent. is brought out rather more 
clearly in Figs. 32 and 33. Fig. 32 shows the structure of sample 
N.S.142; Fig. 33, at the same magnification, the structure of an un 
quenched sample cooled from 850 to 350 degrees Cent. in 350 seconds. 
In Fig. 32 the blades of body-centered solid solution lie in a matrix 
of martensite, while in Fig. 33 these blades are embedded in con 
glomerate (body-centered solid solution and iron carbide). 

This precipitation (shower precipitation) of body-centered solid 
solution in the form of plates or blades apparently continues with 
tall of temperature, because, other things being equal, the martensitic 


structure in quenched samples which had been cooled under the con- 


ditions described was reduced in quantity as the temperature of 
quenching was lowered. 

It appears, then, that at some point slightly below 475 degrees 
Cent., the face-centered solid solution which remains unchanged in 
the interstices of the plates or blades of bi yly-centered solid solution 
becomes saturated with carbon, etc. and transforms into an intimate 


mixture of body-centered solid solution and iron carbide. 
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Tue CooLING CURVES 





It was found convenient to arrange the cooling curves in ¢g1 
in accordance with their cooling times. This will also facilitate 
cussion. Fig. 34 reproduces a group of six curves, representing 


ples of which the average cooling time was about 450 seconds. \\ 
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Fig. 34—Effect of Omax. on Critical Points of Samples. Cooled (850 to 350 Degree 
Cent.) in 450 Seconds 





the cooling times of these samples varied from as little as 409 se 
onds to as much as 482 seconds, yet superposition of any one curve 
on another, both being chosen at random, showed that the rates of 
cooling of the samples at temperatures above 850 degrees Cent. wer 
practically identical. 

From these and the original curves the information given in 


Table V 


was obtained. 





Table V 





Formation of 


At W idmanstatten 
Sample Omax Beg End Beg.7 End} 
Number he ves) en) ."..) C7) Structure 
N.S.194 847 660 524 $75 Conglomerate 
191 893 647 514 474 Conglomerate 
199 918 645] 507 472 Conglomerate 
164 99] 615 514 467 Conglomerate + Widmanstatten* 
156 1041 605 507 451 Conglomerate -+- Widmanstatten* 
116 1115 605 580 513 467 Conglomerate -+ Widmanstatten* 





"Approximately equal amounts of the two structures. 


Values obtained from original curves. 
tTemperature of sample remained constant for a number of seconds. 
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\nother group of six curves, of which the cooling times (850 


egrees Cent.) averaged about 235 seconds, is shown in Fig. 


rhe cooling times of these samples varied from 205 seconds 
50 seconds, but by superposing their curves, their cooling rates 
ve about 850 degrees Cent. were found to be practically identi 
Information obtained from these and the original curves is 


in Table VI. 


Table VI 


Formation of 
Widmanstatten 
End seg.7 End‘ 
9 c"<;.) €“<;..) Structure 
620 507 470 Conglomerate 
615 467 Conglomerate 
167 Conglomerate 
457 Widmanstatten + conglomerate” 
472 Widmanstatten + conglomerate” 
$77 Widmanstatten + conglomerate’ 
*Widmanstatten in excess 
*Values obtained from original curves. 


\ last group of six curves is shown in Fig. 36. These refer 
to samples of which the average cooling time (850-350 degrees Cent. ) 
was about 165 seconds. The actual cooling times varied from 139 
seconds to 182 seconds. Information obtained from these and the 


original curves is given in Table VII. 


Table VII 


Formation of 

Widmanstatten 

End Beg.7 End? 
3 ee a) Structure 


585 514 477 Conglomerate 

597 512 467 Conglomerate 

590 ? $55 Conglomerate + Widmanstatten” 
496 460 Widmanstatten + conglomerate? 
507 +70 Widmanstatten + conglomeratet 
510 460 W idmanstatten 


“Conglomerate in excess 


tWidmanstatten in excess. 
‘Values obtained from original curves. 


Tables V, VI, and VII show that, no matter what the average 
time of cooling (850-350 degrees Cent.), as @nax. is raised, the 
\r, point is depressed. It was quite impossible to locate the Ar, 
points in these curves. An inflection at about 467 degrees Cent. 
characterized all the curves. This inflection undoubtedly coincided 

ith the temperature at which a reaction, involving an evolution of 
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heat within the sample, completed itself. The probable tem; 
at which this reaction starts, viz., 505 degrees Cent., could 
determined from the original curves. Frequently, however, 
difficult to decide on this temperature, probably because tl! 
point approached it closely. 

To ensure that the inversion at 467 degrees Cent. was due to 
changes occurring in the samples and not to a peculiarity in tl 


NS 77. NS 184 NS170 NSI67 NS166 NS1I53 





400 








Fig. 35—Effect of O@max. on Critical Points of Samples. Cooled (850 to 350 De 


Cent.) in 235 Seconds. 















havior of the controller at the point corresponding to this temper- 
ature, cooling curves were made of a sample of wrought iron which 
had been heated to and held at about 1000 degrees Cent. during 15 
minutes. These curves showed no signs whatever of an inversion. 

Some reference should be made to the curves obtained from 
samples of which the cooling times (850-350 degrees Cent.) were 
less than 100 seconds. Those obtained from samples N.S.124 and 
N.S.186 are typical and are reproduced in Fig. 37. When these 
curves were superposed, they were found to coincide almost exactly 
over the range 750-400 degrees Cent. In sample N.S.124 the in- 
version, as determined from the original curve, occurred at 4060 
degrees Cent.; in sample N.S.186 it occurred at 467 degrees Cent. 
The inversion is less distinct in the replotted curve for sample 
N.5.186 than in that for sample N.S.124. Both the original curves 
were smooth below the inversion temperatures. 
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For the former sample 62x. Was 875 degrees Cent.; for the latter 


vas 1125 degrees Cent. The structure of the former was of 
up 3. Table I (see Fig. 15), while that of the latter was of 


up 4, Table [I (see Fig. 16). Apparently, the heat evolved, due 


NS178 | NSI8Z | NSI7Z NS204 | NS159 | NS152 


Gmex.| C54°C | 874°C. 


Fig. 36—Effect of Omex. Critical Points of Samples 
Degrees Cent.) in 165 Seconds 


to the transformation of the solid solution of carbon, etc. in face- 
centered iron into a solid solution having a tetragonal lattice with 
consequent formation of a martensitic structure, did not affect the 
smoothness of the cooling curve for sample N.S.124 below 460 de- 
erees Cent. 

It appears, then, that the inversion at 467 degrees Cent., which 
was SO conspicuous a feature of the curves, is not only the tempera 
ture at which the interstitial face-centered solid solution, saturated 
because of the formation of the blades or plates of body-centered 
solution, transforms into the intimate mixture of solid solution of 
carbon, etc. in body-centered iron and iron carbide. It is also the 
temperature (Ar’’) to which, with high @yax, and fairly rapid 
cooling (850-350 degrees Cent. in about 85 seconds) part of the 
-ace-centered solid solution can be brought before it transforms into 
he tetragonal solid solution, the structure of which is martensitic. 

he Widmanstatten and martensitic structures are, in fact, so inti- 
lately associated in their modes and temperatures of formation as 
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almost to warrant the application of the term “incipient martens 


to the Widmanstatten structure. 


EFFECT OF TIME OF HEATING AT 60yax. ON COOLING CURVES 





Prolonging the time of heating at Omax. has little effect w 


the position of the Ar, point, except in samples which, due to si 
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Fig Effect of Omax on 
Critical Points of Samples. Cooled 
(850 to 350 Degrees Cent.) in less 
than 100 Seconds 






















able heating, have undergone a marked change in grain size. For 
example, with Onax. at about 920 degrees Cent., the effect of time 
of heating was quite marked. In sample N.S.198 (heated to and 
held at 919 degrees Cent. during 15 minutes and cooled from 850 
to 350 degrees Cent. in 478 seconds) the Ar, point was 648 degrees 
Cent. In sample N.S.201, heated to and held at 920 degrees Cent. 
during 130 minutes and cooled through the same range in 446 sec- 
onds, Ar, occurred at 620 degrees Cent. Superposition of the cool 
ing curves showed them to be practically coincident over the rang: 
800-675 degrees Cent. 

A more striking instance of the effect of time at @max. on the 
critical points of samples heated to and held at about the same tem 
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rature was afforded by samples N.S.197 and N.S.205. The former, 


ich had a Group 1 structure, had an Ar, point at 627 degrees 





ent. (Gmax.s 932 degrees Cent.; time of cooling, 298 seconds). 





the cooling curve for the latter it was impossible to distinguish 





\r, point, but the 46/7 degrees inversion was clearly defined; 





he sample had a Group 2c structure (@nax. 919 degrees Cent. ; 





me of cooling, 300 seconds ). 





Apparently, the effect of time at @nax. Was of importance only 





vhen marked grain growth resulted from increasing the time of 





eating at this temperature. Increasing the time of heating at 





4... When @O@max. was below about 1000 degrees Cent., resulted 


iX 






in marked grain growth at various centers throughout the samples. 





Since grain growth facilitates the formation of the Widmanstatten 





structure, virtual obliteration of the Ar, point and _ intensification 





of the inversion at 467 degrees Cent. should result from prolonged 





heating where marked grain growth occurs during the 115-minute 





period (130—15 minutes) subsequent to the shorter heating time 






(15 minutes ). 







Part I].—Constitution Diagram for Quenched Steels 







INTRODUCTION 






To avoid contusion, symbols will be used to designate what are 


believed to have been the various phases present in the samples of 





which the behavior, under different conditions of heating and cool- 





ing, has been described above. 






Following are the symbols and their meaning: 











B—Solid solution of carbon, ete., in iron having a body-cen- 






tered cubic arrangement of atoms. 





—Solid solution of carbon, etc., in iron having a face-centered 


~ 





cubic arrangement of atoms. 





T—Solid solution of carbon, etc., in iron having a tetragonal 






arrangement ¢ yf atoms. 










Of these phases, B, when alone, has a ferritic structure; F, 


when alone, an austenitic structure: and T, when alone, a marten- 






sitic structure. The term “conglomerate” has been applied to a 





species of structure composed of B and iron carbide-—a species of 





which pearlite, sorbite, troostite, and mixtures of these are varieties. 






The term ‘‘Widmanstatten” has been applied to a structure com- 
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posed of plates or blades of B, the interstices between which 


filled with material of constitution similar to that of conglomerat 





it is composed of B and iron carbide. 




















Although, as rates of cooling increased, the difference in t: 
perature between Ar, and Ar, was reduced, these points did 
merge. It can be said that no such single point as Ar’ exists | 
this steel, nor for that matter are the conditions which produce su 
a point in any steel easy to obtain—particularly in such as ha 
a carbon content below 0.36+ per cent. 

It is proposed, therefore, to refer to the depressed Ar, poi 
as the Ar,’ point, and to the depressed Ar, point as the Ar,’ point 
These points (Ar,’ and Ar,’) are metastable change points. 

To the temperature at which F changes to B (shower precipi 
tation of B) with formation of a Widmanstatten structure it is pro- 
posed to apply the symbol Ar,” ; and to the temperature at which, 
after shower precipitation of B, residual F changes to conglomerate 
it is proposed to apply the symbol Ar,”. The latter point co 
responds to that hitherto called the Ar” point. The Ar,” and Ar 


points are labile change points. 


CONSTITUTION DIAGRAM 


Both Hallimond* and Norbury* have prepared tentative con 
stitution diagrams for quenched steels, which have been of value to 
those interested in the behavior of the alloys of iron and carbon 
In this connection, it seemed 
that the author’s discovery of the dual nature of the Ar’ and Ar” 
points might be of some importance, and he has therefore prepared 
a new diagram embodying his views, which is reproduced in Fig. 38. 


under varied conditions of cooling. 


It is difficult, of course, to draft a satisfactory diagram with 
so little information about the positions of the Ar,” points for the 
allovs of this system. The positions of the Ar” points, however, 
have been well established by French and Klopsch® and confirm the 
\r,” line in the author’s new diagram. The author’s value (467 de- 
grees Cent.) for the Ar,” point of the steel investigated by him 
agrees closely with the values of Ar” shown in Fig. 16 of French 
and Klopsch’s paper for steels with about the same carbon content, 


Hallimond, Journal, Iron and Steel Institute, Vol. 105, 1922, p. 359. 


*‘Nordbury, Journal, Iron and Steel Institute, Vol. 119, 1929, p. 443. 
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ith neither chromium nor nickel. The Ar,” line in Fig. 38 
3 tative, to say the most. 
n Fig. 38, points on the heavy black lines represent the tem- 
‘ tures at which the alloys of iron and carbon transform under 
‘tions of equilibrium. The positions of these lines approximate 
ly those shown in the diagram recently published by Korber 
Oelsen.® 
A ee } aie y .- = 2 i + 
XX Ari 71 ~ Metastable Eutectoid | 
\\ ft l4Hypo-eutectaid Stee/s/ 
\~ or 
Fa 
\WN J 
OO } * A - + + + + 
\] | 
No x Ar3” ( Shower Precipitation of B) 
’ | Ar?” 
100 Lenn tlnlhinasent nae —- Ar51” 
- 7 , 
j | 
z c 
S 
, ee 
300 j_—___1—— § |_+_ +— 
a 
| 
) Sl | | 
| S | | | 
00 | | | | 
0 02 04 06 0.8 710 1.2 
Per Cent Carbon 
Fig. 38—-A Constitution Diagram tor Quenched Steels. 

For purposes of discussion only, the author recognizing that 
chromium and nickel each have important effects upon the critical 
points of steel, it will be assumed that the steel investigated by the 

thor was a pure alloy of iron, containing 0.33 per cent of carbon 


Korber and Oelsen, Archiv fiir Eisenhiittenwesen, Vol. 5, 1932, p. 569. 


i 
{ 
? 
{ 
{ 
























1608 TRANSACTIONS OF THE 





Ay. a IM, 


only. This alloy, when cooled from 850 to 350 degrees C, 










about 350 seconds, showed an Ar,’ point at about 660 degree 


and an Ar,’ point at about 610 degrees Cent. In Fig. 38 these 
are indicated by open circles through which broken lines haves 








en 
drawn. These broken lines (the Ar,’ and Ar,’ lines) inters at 
about 0.62 per cent carbon, meeting at their point of intersection 
the carbide line SE which, without change of direction, has been 
extended into the region below the equilibrium eutectoid line. The 
significance of the Ar.’ and Ar,’ lines is as follows: If, for example. 
steel containing 0.33 per cent of carbon be cooled from 850 to 350 
degrees Cent. in 350 seconds, portions of the F composing the stee| 
will start to transform into B at 660 degrees Cent. (Ar.’) and will 





continue to change until at 610 degrees Cent. (Ar,’) part of the 


i 


residual F will transform into conglomerate containing 0.62 





per 
cent carbon. No information can be derived from the dia- 
gram regarding the proportions of F which transform (1) into 
B as the steel cools from Ar.’ to Ar,’ and (2) into conglomerate 


when the steel reaches Ar,’. 























If it be assumed that the constitution diagram represented by 
the broken lines in Fig. 38 is that for all alloys of iron and carbon 
which cool from 850 to 350 degrees Cent. in 350 seconds, then it 
may be said that, under these conditions of cooling,’ part of the 0.62 
per cent carbon steel will transform into conglomerate at 610 de- 
grees without previous transformation of F into B. In brief, the 
0.62 per cent alloy becomes a metastable eutectoid under these con- 
ditions of cooling. 

In the case of the 0.75 per cent carbon alloy, partial change of F 
would first occur at about 680 degrees Cent., when carbide would 
form and crystallize, possibly within, as well as at the boundaries of, 
the grains of F. Near these carbide nuclei some F would transform 
into conglomerate. Just as the diagram fails to say what proportion 
of F will be involved in the changes at the Ar,’ and Ar,’ points in 
the metastable hypoeutectoid steels, so it fails to reveal what pro- 
portion of F will be involved in the changes at the Arn, and Ar,,’ 
points in the metastable hypereutectoid steels. 

The author's experiments on the 0.33 per cent carbon alloy have 
shown that, provided its grain size is sufficiently large, only part of 
the F will change at 660 degrees Cent. (Ar.,’) and 610 degrees 









‘The alloys of iron and carbon referred to in this paragraph would be those which 
under conditions of equilibrium would be hypoeutectoid. It is not suggested that these r 
marks would apply to alloys which under conditions of equilibrium would be hypereutecto 








SER eiG ALTER 


Sake Reaaehic Catt 


ithe TERRE 


ae 


in SD he. 


Lene RE RE I MOT 


> a tani 7 


peers 


POE iN BORAT 9 


i Pomel a dda ns DDS . 








a RANA ARLEN Beis ete i Cami 


CONSTITUTION OF ALLOY STEEI 


nt. (Ar,’) under the specified conditions of cooling. Some F, 

erefore, will remain unchanged until 505 degrees Cent. ( Ar,” ) 

reached. This point (at which shower precipitation of B com- 
nences) is represented on the diagram by a closed circle, as is also 
he Ar,” point for the same steel (467 degrees Cent.). Through 
he latter the Ar” line, due to French and Klopsch, has been drawn. 
This has been continued to intersect the zero ordinate of the dia 
sram at 685 degrees Cent. in view of the work of Hanemann and 
Schrader,’ who found that, however rapidly pure iron was cooled, 
the transformation of F to B could not be made to occur below 685 
degrees Cent. From this point a tentative Ar,” line has been drawn 
through the Ar,” point for the 0.33 per cent carbon steel and has 
been continued beyond it until it intersects the French and Klopsch 
\r” line at 0.85 per cent carbon. 

The diagram now shows that, given the conditions of cooling 
already specified, and provided the grain size is sufficiently large, 
that part of the F which underwent no change on passing through 
the Ar.’ and Ar,’ points will develop blades of B at 505 degrees 
Cent. and, further, that at 467 degrees Cent. the F that remains will 
transform into a mixture of carbide and B. In the 0.62 per cent 
carbon alloy, the F that remains unaltered after the steel has passed 
the Ar,’ point will begin to develop blades of B at about 420 de 
erees Cent., and the residual F will change into conglomerate at 
about 380 degrees Cent. In the 0.75 per cent carbon alloy, the F 
that remains unaltered after the steel has passed the Ar’, , point will 
begin to develop blades of B at about 395 degrees Cent., and the 
residual F will transform at 380 degrees Cent. 

One other thing the diagram tells—namely, if steel be cooled 
at rates in excess of the critical, F will change into T at tempera- 
tures represented by the Ar,” line, and martensitic structures will 
result. 


Increasing the time of cooling (850-350 degrees Cent.) beyond 


) 
( 


350 seconds will raise the Ar,’ and Ar,’ lines, which, of course, 
will always intersect at the extended SE line. Decreasing the time 
of cooling below 350 seconds will lower these lines. 

It appears from Fig. 38 that Ar,’ cannot be depressed below 
490 degrees Cent. (the temperature corresponding to the point of 
intersection of the extended SE line with the Ar,” line), since 


SHanemann and Schrader, Transactions, American Society for Steel Treating, Vol. 9, 
1926, p. 169. 
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shower precipitation of B will occur here in what becomes, u 
these conditions of cooling, a metastable eutectoid steel. The 
of cooling (850-350 degrees Cent.) which will depress Ar,’ to 
degrees Cent. may be estimated from Fig. 17. For coarse-grai 
steels of about the analysis of the steel investigated by the aut! 


it will be about 250 seconds; for fine-grained steels, about 115 s 







onds. These are the times of cooling which produced Widma 
statten structure just wholly free from conglomerate in the auth 
steel, 


\ single Ar,’ point can occur only in steels containing m 






than 0.36 per cent carbon, and then only under specific conditio: 
of cooling—i. e., conditions which cause the steel to become eutectoid 

No attempt will be made to discuss the possible form of th 
constitution diagram for alloys containing more than 0.85 per cent 


carbon. Work which has been carried out on a 1.33 per cent cai 








bon steel containing approximately the same amounts of nickel and 
chromium as that used in the experiments described in Part I of 
this paper indicate that within the limits of the cooling rates used 
in those experiments no depression of the A,» point occurs, pre 
cipitation of proeutectoid carbide commencing at about 950 degrees 
Cent., whatever the rate of cooling. Increase in the cooling rate 
results in a lowering of the Ar,’ point. No evidence of showe1 


precipitation of carbide at an Ar,” poimt has been obtained. Further 















work on this subject is required, but the constitution diagram shown 
in Fig. 38 appears to meet the known facts quite satisfactorily in 
so tar as the hypereutectoid steels are concerned. 

Part Il1l.—Theory of Formation of Various Structures in Steel 


INTRODUCTION 





Kobertson® and Carpenter and Robertson’? have dealt at some 
length with the mechanism of the formation of structures of various 
types in steels which have been cooled at what they have called in 
termediate rates. However, since the author’s view of the phenom- 
ena resulting in such structures differs in some respects from that 
of these workers, its salient features will be dealt with in detail. 

The author believes that on cooling this steel from @nax. (and 











and Steel Institute, Vol. 114, 1929, p. 391. 














Carpenter and Robertson, Journal, Tron 





and Steel 





Institute, Vol. 123, 1931, p. 345 
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applies to this steel will probably apply to other hypoeutectoid 
of different composition), iron atoms at various points (trans- 
tion foci)'! on the boundaries of the IF crystals commence 

to rearrange themselves upon a body-centered cubic lattice. 
rate of formation of these foci per unit area of boundary va- 


vith the degree of undercooling which, itself, 1s intimately re- 


—s 


Uni VIG/ ge 7 f % 


Fig. 39—Diagrammatic Representation of Formation of Pearlite 


lated to the cooling time. ‘This is so because these foci are subject 
to the laws which govern spontaneous crystallization in undercooled 
liquids (Hallimond, loc. cit.). When the degree of undercooling 
small, transformation will start at relatively few points per unit 
time. As the rate of cooling is increased, the number of foci formed 
per unit will be definitely raised; if, however, the rate of cooling 
be sufficiently increased, the rate of formation of foci will be con- 
siderably reduced, if formation is not entirely prevented. 
It will facilitate discussion if attention be concentrated on the 
behavior of a single grain of F during its cooling from @nax. (see 
39). What can be said of one grain can be said of the ma- 
rity of grains in its vicinity. 
\t 


Ar,’ rearrangement of iron atoms may be imagined as pro- 
eeding 


inwards from the boundary of the grain uniformly in all 


Foci are in process of formation during the whole time the steel is cooling from Ara, 


Che experiments by Carpenter and Robertson on three 


carbon steels demonstrated 
ute clearly. 
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directions from a number of foci, since, apart from the f; 
the position of the lattice planes’ relative to the crystal bo 
may cause slight local variations in the directions and rates 
arrangement of atoms, conditions will be practically the sanx 


sides of the foci. Individual foci may be considered, then, t 


ters of hemispheres (see Fig. 39a) of which the expanding su 
are interfaces between B and F. These interfaces will be rr 
to hereafter as “B interfaces.” If the degree of undercool; 
low, the number of transformation foci which form per unit 
between Ar,’ and Ar,’ will be relatively small. 

If it is assumed (1) that the solubility of carbon in B 


low that it may be neglected, (2) that the carbon rejected by b j 


adsorbed on the interface, and (3) that, while the hemispherical! 
surfaces are expanding, no diffusion of carbon in F occurs, the 
one can imagine all the carbon atoms ejected from B collecting o 
the F side of the B interface. Given these conditions, the ave rage 
concentration of carbon at the interface would, within certain rathe: 
narrow limits (i. e., before the atoms of carbon piled up in layers 
more than one atom thick), double itself each time the radius of th 
expanding hemispherical surface was doubled. The stage would 
soon be reached where F became supersaturated with carbon. At 
this point carbide would form with consequent cessation of the ex 
pansion of the interface. The formation of carbide (a) would, oi 
course, permit the formation of a small amount of B (b) in its 
vicinity, but, without diffusion of carbon, these two reactions (a) and 
(b) would cease. 

Diffusion of carbon from the B interface into F will both lowe: 
the concentration of carbon in F at the interface and allow the for 
mation of a concentration gradient of carbon in F. The greater 
the rate of diffusion, the less at any time will be the concentration 
of carbon in F at the interface, and the lower the concentration 
gradient. 

FORMATION OF PEARLITE 


As the hemispherical surfaces extend inwards from the boun 
dary, a stage will be reached where the surfaces merge (see Fig. 
39b). Thenceforward, the interface between F and B, now co! 
tinuous, will tend to contract, as is shown diagrammatically in Figs 


"The position of the lattice planes in F is quite important in its effect upon the for 


tion of the B interface particularly while the interface is growing, as was shown by ( 
penter and Robertson in their 1931 paper (p. 355). At later stages of growth the lat 
planes are less effective in determining the mode of formation of the interface. 
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ind 39ce. The interface will become geometrically similar to 
riginal boundary of the unchanged grain of F. Despite what 
een — the possibility must not be overlooked that trans 
‘tion of F to B may proceed more rapidly in certain crystallo 


Oe than in others. If this be true, the B interface 


Diagrammatic Representation of Appearance of Contracting B 
Intertace. 


17 


will, as it contracts, differ increasingly in geometrical form from 
the original boundary of the unchanged grain of F. 
Where the expanding spherical surfaces last merge to form the 
continuous contracting B interface, the concentration of carbon in 
will be highest. Such regions will be connected by planes of high 
carbon concentration. The concentration of carbon at the mid- 
points of the traces of the planes on the interface, and of the planes 
themselves, will be a minimum. The interface, then, may be im 
agined as broken up into many more or less uniform areas, polygonal 
in plan (Fig. 40).7° At the corners of the polygons the carbon 
content will be a maximum, at their centers a minimum. Along the 
dges of the polygons the carbon content will vary from a maximum 
at one end to a minimum at the center and will return to a maximum 
at the opposite end of the edge. In Fig. 40 is shown in plan what 


is thought likely to be the appearance of the contracting B interface 


is viewed from the interior of the grain shortly after the merging 


ot the hemispherical surfaces. The polygonal areas are segments 
‘{ spheres bounded on all sides by lines which are the traces of the 
planes of contact between the expanding hemispheres. An observer, 


In the preparation of Fig. 40, the assumptions were made (1) that foci started to 


m at three successive times during cooling from Ar’s, and (2) that the rate of increase 
the 


ie radius of the spherical interface was the same in all cases. 
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seated at the center of the grain, might imagine himself loo 
foam whatever the direction of his gaze. The foam-like st 
would tend to disappear as the B interface contracted. 

\lthough diffusion of carbon continues as the interfa 
tracts, the concentration of carbon at relatively regular interva 
probably endure until the carbon atoms at the more saturat 
sions of the interface commence to unite with iron atoms to 
carbide (see ig. 39d). 

Uniform distribution of the transformation foci on the o1 
grain boundary will result in an orderly succession of regio 
high carbon concentration at the B interface. Such a successior 
define in part the manner in which the molecules of carbid 
finally marshalled. 








It will determine that the crystallization of 


bide shall commence at points more or less uniformly distant on 
from another. Almost equally important will be the distribution of 
carbon in F. Statistically, it may be considered that the atoms 


carbon in F form a lattice of their own, so that, when the cervstals 






of carbide develop at the regions of high-carbon concentration at 


the B interface, they will grow more rapidly in those directions 


within F where the concentration of carbon on its lattice is highest 







The carbide will thus develop in the form of plates roughly parallel 
to one another and to certain of the crystallographic planes within 
the grain in which they form (see Fig. 39d). Concurrently, of 






course, rearrangement of iron atoms will occur, and the typical 
structure, lamellar pearlite, will result. 


.o) will be 


roughly determined by the number of transformation foci which 


The distance between the lamellze of carbide | 









form per unit area of original boundary of the grain. If, as has 


heen assumed, the number of such foci in undercooled steel is sub 









ject to the laws which govern spontaneous crystallization in unde1 
cooled liquids, it is to be expected that the number of foci per unit 
area of boundary will first rise and then fall as the degree of undet 
cooling mcreases, With slow rates of cooling (slight undercoo! 
ing) the number of foci will be relatively small, and 


\o will then 
be relatively large. 


\s the rate of cooling and as undercooling in 
the number of foci will rise, the number of regions of hig! 
carbon concentration per unit area of 


CcTease, 





the continuous contracti 
A\o will fall. 
The conditions requisite for the formation of lamellar pearlite 





interface will also rise. and the value of 





are, therefore: (1) a degree of undercooling that will cause fo 







“ste 
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orm at points on the original boundaries of the I crystals from 

1250pe to about S500upn, and possibly slightly less, apart'!; 

a time of cooling from Ar.’ to Ar,’ that will allow the 

anding hemispherical surfaces, which enclose those portions of 

original crystals that have changed from F to B, to merge and 

rm continuous contracting interfaces (see Fig. 39b); and (3) 

rate of diffusion at Ar,’—whatever its temperature—that will 

low carbon atoms to move through F to the regions most remote 

om the original boundaries of the grains, there to raise the con- 

entration of carbon to the point where carbide will form. It is not 

. improbable, also, that a high linear crystallization velocity is requisite 
for the formation of well-developed carbide plates. 

Once the B interface is continuous (See Fig. 39c), those por 


tions of the grain lying between the interface and the original 


of boundary will consist of B. The thickness of the envelope, which 
of | forms before the precipitation of carbide at the B interface prevents 
Is its further contraction, will be determined by the time of cooling 
at from Ar.’ to Ar,’. 

1s With higher rates of cooling and degrees of undercooling than 


have been considered, the number of foci which form per unit area 


el of the grain boundary, being greater, will cause the contracting inter 
n face to become continuous while the envelope of B is still relatively 
f thin. Further, under these conditions, the regions of high carbon 
i! concentration at the interface will be more closely distributed. Thus, 


to raise the rate of cooling and degree of undercooling is to render 
more uniform the concentration of carbon in F at the interface. The 
F regions of high carbon concentration at the corners of the polygons 
will not differ so markedly in carbon content from the centers of 
the polygons as when the latter are large enough to produce well 
developed carbide plates. Hence, when carbide forms, it will do 
so at a relatively large number of points on the supersaturated in 
terface, and the plates will be so closely packed as to be almost beyond 
resolution by the microscope. Again, the possible effect of the linear 
crystallization velocity of the carbide must not be overlooked. The 
plates will, of course, continue to develop until all the unchanged 


is transformed into a conglomerate of carbide and B.*° 
‘Belaiew fournal, Iron and Steel Institute, 1922, Vol. 105, p. 201-227 i 


The change in solubility of carbon in B with temperature, either above or below Ar,’ 
7 | 


s not been considered above. It will, of course, have an important effect upon the reac 

ns which have been described. In the first place, on cooling from Ars’ to Ar,’ the carbon | 

§ ntent in B at the B interface will increase; in the second place, a concentration gradient j 
7 ' 
i 
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FORMATION OF TROOSTITE 


It is not improbable that some of the Group | structures | 
6 and 7) in the samples of the steel examined were produced 
process like that described above, though it seems more likely 
they were produced under the conditions to be described in the 





lowing. 








Provided the number of foci formed in undercooled stee! 
subject to the laws which govern spontaneous crystallization in 





dercooled liquids, the number of transformation foci per unit ar 





of boundary will first rise and then fall as the degree of undercooli: 








is increased. The effect of the rise in the number of transformatio 
foci has been discussed above. What will be the effect of the sub- 
sequent fall? 














It has been shown that the amount of conglomerate in the stee! 





investigated became less (1) as the time of cooling was reduced 





(Fig. 17), and (2) as the degree of undercooling was increased 
(Tables V, VI, and VII). While it is not impossible that the con- 














glomerate tn samples having a Group | structure, and particularly a 
large grain size, was formed in this way, it is unlikely that the con- 








glomerate in samples having structure of Group 2, and particularly 
Group 2c, was produced in this way. A study of the conglomerate 
in these structures (Figs. 8 and 13) leads to the view that they 
result from transformation initiated at a relatively small number of 
foci—units rather than tens or hundreds—on the original boundaries 
of grains of F (See Fig. 41). The form and distribution of the 
conglomerate in these structures might be expected, were the foci 























formed at the boundaries of the crystals in undercooled steel to be 





subject to the laws which govern spontaneous crystallization in under- 
cooled liquids. 








The conditions essential for the production of a small number 
of transformation foci are (1) a short time of cooling from Ar,’ 


to Ar,’ and (2) a relatively high degree of undercooling. Given these 











conditions, as few as 1, 2, 3, or 4 foci will form per grain boundary. 








will be set up in B; in the third place, at Ar,’, while carbide and B are forming lamellae, 
the concentration of carbon in B will, because of diffusion, tend to become uniform—possi 
bly the concentration of carbon in B, if uniformity is attained at Ar,’, will be represented 
by the point of intersection, either of the extended solubility line GP or of the Arg” lin 
(Fig. 38), with the metastable eutectoid line. In hypoeutectoid samples cooled from 850 
to 350 degrees Cent. in 350 seconds (see the broken line diagram in Fig. 38), the solubility 
of carbon in B may possibly be represented by the point of intersection between the 
metastable eutectoid and Ar,” lines; i.e., it would be in the neighborhood of 0.12 per cent 
carbon. Clearly, any reduction in the solubility of carbon in B, such as occurs at tempera 
tures below Ar,’, would result in precipitation of carbide on the carbide already present at 


the B interface. The newly deposited carbide would tend to lie on planes tangential to the 
3 interface. 
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will facilitate discussion of these conditions and their effects 
fan-shaped areas in Fig. 41 be considered. At foci on the 
laries of two grains in this diagram transformation of F to B is 
med to have started, and hemispheres of B (represented in sec- 
by the white areas in the diagram) to have formed. The sur- 


s of these hemispheres are B interfaces. 


Unchanged F 


«—f interface 


Transformation 
Focus 


8 /nterface 


Unchanged F 


Fig. 41—Diagrammatic Representation of Formation of Troostite. 


Statistical considerations signify that the atoms of carbon in a 
given grain of F form a lattice of their own, the unit cube of which 
is dependent on the carbon content of the steel. When a B inter- 
lace expands, it may be considered as pushing out into the “carbon 
lattice.”” Hence, a reticular arrangement of carbon atoms develops in 
l’ in the vicinity of the interface. In other words, the concentration 
of carbon in F at the B interface is not uniform but varies more 
or less regularly from point to point near the surface. 

A stage is reached in the growth of the interface when, at the 
oints of high concentration, the unchanged F becomes supersaturated 
with carbon, with the result that nuclei of carbide are precipitated 

| B is concurrently formed. The precipitation of carbide will 


prevent further expansion of the B interface. 


B 
The space between the interface and the focus (Fig. 41) will 


consist of B. Beyond the interface carbon atoms will be dif- 
ng into the unsaturated regions of F from those parts where 
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supersaturation has already caused precipitation of carbide 
arrangement of iron. These atoms of carbon, as they diffu 

unite with atoms of iron to form more carbide, which will . 

lize on the nuclei already precipitated. The reticular arran; 

of the nuclei determines that the carbide crystals shall develo; 

the interface in the form of blades separated from one anot at 
regular intervals. The radial growth of these blades will ceas 
when the concentration of carbon at the F interface (See Fig. 4] 
falls to the point where carbide can no longer form. 

The precipitation of carbide at the B interface prohibits ex 
pansion of the interface but permits rearrangement of iron atoms 
on a body-centered lattice. As fast, then, as the carbide blades de- 
velop, the nearby F changes to B. A lamellar structure radiatin, 


~ 


) 


from the B interface is thus produced. 

The focus becomes, then, not merely the center of a hemispheri 
cal interface between a kernel of B and a shell of conglomerate, but 
the center of a shell of conglomerate more or less hemispherical i: 
form. The concentration of carbon within this shell will be uni 



















form, and the conglomerate of which it is formed will be of the 
metastable eutectoid composition determined by its time, or rate, of 
cooling (Fig. 38). 

The radial development of carbide has an important effect upon 
the structure of the conglomerate of carbide and B, which, whe: 
viewed under the microscope, generally gives clear evidence—a “fan 
like arrangement of the uniformly laminated areas” (Robertson 
loc. cit.)—of its radial mode of formation. The structure of the 


conglomerate is that usually referred to as nodular troostite. 

The mechanism of formation of nodular troostite in metastabl 
hypereutectoid steels is somewhat different from that of the fan- 
like structures in metastable hypoeutectoid steels. By metastable 
hypereutectoid steels are meant those which, when undercooled, wil! 
be characterized by free carbide. For example, the 0.75 per cent 
carbon steel (cooled from 850 to 350 degrees Cent. in 350 seconds) 
would be classed as metastable hypereutectoid. 

In such steels as these the atoms of carbon moving through th 
interstices of the F lattice will suffer no hindrance at temperatures 
above Arem. Here, however, certain of the atoms of carbon will 
begin to group themselves with atoms of iron at foci within, or at the 
boundaries of, the grains of F to form iron carbide. The foci of 


carbide differ from those of B in the important respect that the) 
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within, as well as at the boundaries of, the grains of F. The 
ber of foci, wherever formed, will be roverned by the laws of 
taneous crystallization of undercooled liquids. Diffusion of 
mn will bring more and more atoms into contact with the groups 
ie foci, so that, as time goes on, more and more carbide will be 
( ipitated. 

In the vicinity of the particles of carbide formed around the 
ci the concentration of carbon in F will be lowest, i.e.. a concen 
ition gradient will be produced in the lattice. Provided the rate 
diffusion of carbon is low enough, the concentration of carbon 
I’ at the surfaces of the particles of carbide will be reduced until 

atoms of iron can rearrange themselves on a body-centered lat- 

\r,’.. F will change to B, and further free growth of the 
rbide crystal will cease. The transformation of F to B will lead 
to the formation of carbide wherever the carbon atoms are most 
ighly concentrated. If the atoms of carbon in F have a lattice of 
their own, lamellar growth of carbide will be ensured, and a “fan 
like arrangement of uniformly laminated areas” will be discovered 
sections of the metal. The concurrent formation of B and of 
carbide will, of course, cease when transformation of F to B can 


no longer continue, owing to concentration of carbon in the F lattice. 


VoLUMES OF TrROOSTITE NODULES 


It is of some interest to speculate as to the relationship in 
metastable hypoeutectoid steel between (1) the volume of B which 
forms before precipitation of carbide at the B interface prevents 
iurther rearrangement and (2) the volume of conglomerate which 
is produced before precipitation of carbide ceases, owing to a lack 
of carbon at the F interface. 

[If V, is the volume of the shell of conglomerate and YV,, the 
volume of the kernel of B, 

Vs 


Vk Cs Cc 

vhere C is the carbon content of the steel and C. the carbon content 
the conglomerate. From this equation it will be gathered that the 
rnel of B will become vanishingly small as the carbon content of 


e steel approaches that of the conglomerate. The carbon content 


ne steel, it may be noted, will approach that of the conglomerate 


undercooling increases in metastable hypoeutectoid steels. 
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In metastable hypereutectoid steels (1) the volume, Vx, 0 






























bide, formed before rearrangement of F at the surface of the ¢ 
prevents its further srowth, and (2) the volume, V;, of conglon 
produced before transformation of F to B ceases owing to th 


centration of carbon in F, are related by the following equ: 


0.0/4 


Here, again, i.e., in metastable hypereutectoid steels, the ratio of th 


volume of the shell to that of the conglomerate increases as the car- 
bon content of the conglomerate approaches that of the steel. 

In a steel such as the 0.75 per cent carbon alloy, having a time 
of cooling (850-350 degrees Cent.) that would result in its becoming 


a metastable eutectoid, the formation of one focus of carbide at or 
near the centers of the grains of F would be likely to cause the for 
mation of nodules of troostitic structure occupying their entire vol 
time. Robertson® has shown some remarkable photomicrographs of 
fan-like structures in a 0.75 per cent carbon steel and remarks: “Ti 
the rate of cooling is just sufficient to give the fan or radial arrange- 
ment, each fan occupies one austenitic grain.” It seems more likely 
that the answer to the question, whether or not a fan may fill the 
space once occupied by a grain of F, is determined by the number of 
foci within the crystals at which carbide precipitates at Are’. The 
laws of crystallization of undercooled liquids imply that rates less 
than those required to produce fans of maximum size, i.e., occup) 
ing the spaces once filled by grains of F, would lead to the formation 
of a number of fans per grain of F. 

The author has assumed that the formation of fans in metastable 
eutectoid steel is preceded by the precipitation of carbide at foci 
within the grains of F. Transformation foci at which F changes 
to B with the production of fans seem always to occur at the bounda- 
ries of the grains of F, never at the centers of the grains. Hence, 
unless transformation of F to B started simultaneously at points on 
exactly opposite sides of the boundary between two grains of F, the 
fan-shaped structures so well described by Robertson would never 


Sees Fete (ae ROG 





CONSTITUTION OF ALLOY STEEI 


htained. And that transformation from F to B should start at 
on the boundaries of the grains of F throughout a mass of steel 
he way described in the last sentence is somewhat unlikely. The 
lusion is reached, therefore, that it is the precipitation of car- 
which precedes the formation of the troostitic nodules in meta- 
le eutectoid steel. 

Robertson remarks that “the fan structure may be obtained 

issociation with any other structure found at a lower temperature. 
Vhen this occurs, the fans appear as isolated nodules in a ground 
iss of the other structure.” To these remarks one could add, in 
ie light of the constitution diagram of Fig. 38, (1) that the steel 
s become a metastable hypereutectoid steel because of rapid cool- 
ng, (2) that carbide was precipitated at foci within the F grains 
\rem. (3) that nodules were produced at Ar’, ,, (4) that shower 
precipitation of blades of B occurred at Ar,” (probably 395 degrees 
ent.), and (5) that residual F changed to conglomerate at Ar,” 
380 degrees Cent.). 

The shell of conglomerate surrounding the kernel of B in meta- 
stable hypoeutectoid steels is of higher carbon content than the residual 
F, whereas the shell of conglomerate surrounding the kernel of car- 
bide in metastable hypereutectoid steels is of lower carbon content 
than the residual F. In metastable hypereutectoid steels, then, the 
shells of the troostite nodules must always contain less carbon than 
the material surrounding them. 


FORMATION OF “ACICULAR TROOSTITE” 


The “line structure” which has been observed in “‘‘acicular mar- 
tensite” (Lucas)*® has raised in the author’s mind the ques- 
tion whether its present interpretation is altogether satis- 
factory, and he suggests as a possible explanation for this struc- 
ture a process of formation somewhat similar to that of nodular 
troostite. He fully recognizes the care that must be taken in apply- 
ing the theory already developed to structures not yet subjected to 
direct experiment of the type dealt with in Part I of this paper. 

Clearly, rates of cooling could be employed such as would trans- 
orm steels, which under conditions of equilibrium are hypereutectoid, 
nto metastable hypereutectoid alloys. Consider, for example, steels 


vhich under suitable conditions of cooling will produce Type IV 


cas, TRANSACTIONS, American Society for Steel Treating, Vol. 6, 1929, p. 669. 
Figs. 27 and 29 
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martensite (Whiteley).‘7 These commence to transform at A1 





which temperature carbide would form, parallel to oc 


lographic planes within F. The formation of carbide needles 








being the form that the carbide would take) would result in « 
impoverishment of the F lattice in their immediate neighbo: 
The F lattice would soon be so lacking in carbon as to permit (1 
arrangement of the iron atoms at the interface between the ca 


needles and F and (2) the concurrent formation of B. The ec 












( 


tions would then be somewhat similar to those existing round 
kernel of carbide during the early stages of the formation 
troostite nodule in metastable hypereutectoid steel. Here, howe, 
instead of having spheres of carbide as centers of action, there w 
be needles of carbide ( parallel to one or other of the crystallo- 
graphic planes of F) near which rearrangement of iron atoms would 
commence where the concentration of carbon was least, and formation 


of carbide would proceed at points where the expanding interfaces 





between the needles and F had made contact with the “carbon lat- 


tice’ in F. At temperatures just below the metastable eutectoid 









point, sections of these needles, surrounded by conglomerate, would 
have the appearance of feathers lying in a matrix of unchanged F. 

In rapidly cooled steels of high carbon content this F might 
remain unchanged to room temperature, in which event the struc 
ture would be that described by Osmond in “L’Etudes des Alliages” 


as consisting of “yroups of needles or rather of rectilinear fibers 

















oriented in parallel directions and separated or not by granular or 
vermicular matter.” 

Whereas in nodules of troostite the spherical form of the intet 
tace between the carbide and F determines that the carbide plates 
in the shell of conglomerate shall develop radially from the focus 
of the kernel, in what the author opines are needles of troostite (the 
needles which characterize “acicular martensite”) the cylindrical 
form of the carbide interface determines that the carbide plates in 
the shell of conglomerate shall develop radially from the axis of the 
needle. Between these carbide plates B will be formed. A lamellar 
structure (the “line structure’), the dimensions of which will be 
determined by the parameter of the “carbon lattice,’ will therefore 
result. 

In section, a needle of acicular troostite (“acicular martensite” ) 
will appear like a feather, of which the shaft will consist of carbide, 
Whiteley, Journal, Irot 










and Steel Institute, Vol. 111, 1925, p. 315. 
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‘nes of conglomerate, and the barbs ot carbide. Between the 

le barbs (i.e., in the spaces which in a bird’s feather would be 
‘ed by the barbules) B will be present. The closeness (Lucas 

es the figure 6/1,000,000 inch as the distance between the lamella 
arbide in the vanes) with which the barbs of carbide will occur 
he conglomerate will be determined, as already stated, by the 
on content of the steel, the parameter of the “carbon lattice” 
the determining factor. As in the case of troostite nodules 
ving a kernel of carbide, the carbon content of the conglomerate 
troostite needles will be less than that of the F wherein they are 
rmed (cf., Rawdon and Epstein, “Structure of Martensitic Steels, 
U. S. Bureau of Standards, Scientific Paper No. 452, 1912). 
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DISCUSSION 


Written Discussion: By Colonel N. Belaiew, I, Rend-point Bugeaud, 


aris, France. 


| 

May I most heartily congratulate the author on the results of his experi- 
ments on the genesis of Widmanstatten structure in a khypoeutectoid steel. I 
onfidently hope that this paper will be followed by others dealing in the same 
manner with carbon steels of various compositions, and thus will bring to a 
uccessful end the numerous series of researches on the genesis of this struc- 
ture, in the same way as some time ago the “Studies Upon the Widmanstatten 
Structure,” by R. F. Mehl, elucidated the various problems associated with its 

rphology. 

It is nearly 25 years ago that the macrostructure of a carbon steel of 0.55 
er cent carbon slowly cooled from melt was described to me in a paper pre- 
ented to the Imperial Russian Mineralogical Society; this macrostructure was 

i distinctly “meteoritic” character and the name “Widmanstatten” was sug- 
ested for it. The structure itself consisted of meshes of ferrite and ferrite 
mellae, the latter in every respect recalling the famous Widmanstatten figures 

meteorites. The relation of that structure to the usual network structure 
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and its place in the triad of secondary structures, as well as the impor 
a previous “granulation” were noticed at once and subsequently enlarg 
in a series of papers on the subject. 


\ considerable interest was shown by metallurgists and mineralogi 


the outset, and, thanks to Professor Sauveur and Dr. Berwerth, the im] 


of that structure for the crystallography of gamma-iron was freely ad 
On the other hand, the genesis of the Widmanstatten structure very soon 


some differences of opinion. 


ser 


The main issue centered round the conditions most favorable to th: 


rence of the Widmanstatten structure. In my first papers, while notic; 


influence of undercooling and of such disturbances in the rate of solidifj 


as those existing in the vicinity of the pipe, nevertheless I favored the viey 
the necessity of slow cooling, as conceived in meteorites, provided the g1 


tion was well developed and the grains were large. A little later wi 


Hen the 


difference in the conditions of cooling of the two characteristic alloys, N 


and 8," became clear to me, I emphasized the fact, that, in order to obt 


well developed Widmanstatten structure, the interval of the secondary crystalli 


tion must be traversed at a certain medium speed; and not too quickly in 


raer 


not to cause the formation of troostite or martensite, and, on the other hand 


so slowly as to allow all the proeutectoid element to segregate round th 


gamma grain in one solid envelope, appearing as a mesh on the cross sectioy 


(hese conditions seemed to me best realized either by cooling in air, as was 
the case of the alloy No. 8 


or by considerable undercooling, as was supposed 
to be the case ot meteorites. 


Still, as | was unable to produce figures for the 


cooling curve of the alioy No. 8, several eminent metallurgists remained 


1 un 


convinced; Professor Sauveur considered my explanation of the process rat! 


ey] 
vague, and Professor Krivobok* thought it unsatisfactory 


and advanced 
own theory. 


lhe material evidence ior my views was mainly based on the examinatio) 
of the two alloys already mentioned, Nos. 5 and 8. 


Their carbon content was 
the same (0.55-0.60 per cent) ; 


both were cooled down slowly from the melt 


together with the furnace; No. 5, down to the room temperature, No. 8—t 


about 850 to 900 degrees Cent., and then cooled in the air. 


Both vie Ided re 
markable macrostructures, 


but while the first showed a pure and well defined 


network structure, the second was the Wuidmanstatten structure. As the 


granulation process was equally well developed in both cases, the granulae in 


either of the alloys reaching as much as 4-5 centimeters in diameter, the only 


difference seemed to be that of the velocities of cooling through the rang 
secondary crystallization [hese views were presented by me at some length 
in a series of papers and were endorsed by Hanemann in his Atlas Metall 


graphicus and by other workers. But, on the whole, it seemed that I failed t 









IN. Belaiew, ‘‘Crystallization of Metals’’, plates VI and VII. 








*Mineralogical Magazine, Vol. XX, No. 104, p. 181. 



















Albert Sauveur, “Crystallization of Iron and Its Alloys’, TRANSACTIONS, Amer 
Society tor Steel Treating, Vol. IV, 1923, p. 35. 








‘V. N. Krivohck, “‘Secondary Crystallization in Iron-Carbon Alloys,’’ TRANSACT 
American Society for Steel Treating, Vol. VII, 1925, p. 476. 
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my opponents, and the general position remained more or less as 
lately in these TRANSACTIONS by Mr. Terrile.” 
me evidence on new lines was clearly required, and it seemed to me 
most promising line of approach would be that of Portevin and Garvin, 
he study of the influence of the velocity of cooling on the lowering of the 
points, and accordingly I published a paper on the formation and struc 
f troostite. And here | must confess that I failed to make the logical 
tions from that method and to make the obvious suggestion that velocities 
‘troostitic’ and a corresponding lowering of Ar; and Ar would produce 
Widmanstatten structure. 
This suggestion has now been made by the author and even much more 
that, as Mr. Ellis in his paper is able to define the precise conditions 
govern the occurrence of Widmanstatten structure in hypoeutectoid 
is: | think, that at least with reference to alloys of mentioned composition, 
paper definitely settles the question ot the genesis of the Widmanstatten 
ture 
From the author’s picture and Tables | and II it follows that there is a 
‘ite rate of cooling which favors and causes the occurrence of this structure, 
d that the rate for the alloy of 0.33 per cent carbon and the interval between 
and 350 degrees Cent. will be between 2 and 4.5 degrees per second; lower 
s decreasing the amount of Widmanstatten structure areas and even sup 
ressing them, and higher rates tending to produce martensitic structures. 
[ think that the above figures may also be confirmed by other considerations 


my paper on troostite | draw attention to the fact that velocities of cooling 







between 5 and 15 degrees Cent. per second caused the formation of troostite.’ 
\s, on the other hand, the interlamellar areas in the alloy No. 8 are pearlitic 
nd not troostitic, 1t follows that the velocity of cooling was under 5 degrees 
Cent.; that it was close to this figure” follows from the value of Ado which its 
Ou \s these figures for cooling velocities are also in agreement with those 


Hanemann, we may admit that, under suitable conditions of granulation, 








locities between 2 and 4.5 degrees per second will produce a Widmanstatten 
ucture in carbon steels. The author is to be congratulated with this highly 
portant result and brilliantly conceived and conducted experiments. 

H. H. Asupown:' My only object in making a small contribution to the 


, discussion of this paper is to try to show the application and practice of at 






east a section of the paper. 
On referring to this paper, I repeat what I said last year when discussing 


Mr. Ellis’s paper on forging steels; that anything contributed by him was 









considerable value and merited careful study. I also said that many papers 
manating from universities and research centers were not too highbrow to be 
value in works practice. 





\. P. Terrile, “‘Observations Concerning the Widmanstatten Structure in Steels’’. 
ANSACTIONS, American Society for Steel Treating, Vol. XXI, 1933, p. 613 
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last year’s paper is one that could be tollowed by the average | 
worker. The present paper is more on the order of a research investigat 
though the whole subject matter is very clearly presented, due to a limit 
at my disposal since receiving the paper, I have been unable to give ¢ 
thought to it to contribute the discussion which the paper merits. 

The subject of this paper is a commercial product, the compositio: 
within the range S.A.E. 1330, and to the mill metallurgist the paper 
several features of outstanding value. In this connection, I will call at 
to the series of curves shown on page 163. 

It will be noted that the higher the temperature to which this steel js 
if allowed to cool freely in air or is suddenly quenched, the lower is the 
point, and is coincident with volume change. 

This series of curves is not unlike a series on a steel of higher alloy 
with which I worked in 1910. I was experiencing difficulties in the manu 
f projectiles both during the heat treatment and machining operatior 
these curves gave us such valuable information that our problems were e1 
eliminated. 

In conjunction with Brearley quite a bit of this type of work was 4d 


and in Brearley’s work on case carburizing steel, published in 1916, he 


series of curves where he first of all runs the steel up to normal temperatur 


of approximately 820 degrees Cent. We will take that position of Brearley 


$20 and you get the recalescence at about 700. By raising the temperatu 


800 you still get this same point. As we ascend the recalescence point becomes 


progressively depressed, and when you get to a temperature of 1000 degrees 


Cent., the recalescence point is down to about 400 degrees Cent. 


| want to call attention to this point particularly because it has a great 


bearing on mill practice in handling these alloy steels. As stated by the aut! 


materials of these types, when raised to high forging temperatures, developed 
a coarse crystalline structure which was consistent with the condition of thes 


materials when forged or rolled into bars and allowed to cool from their hig! 


initial temperatures. Due to both this low temperature volume change and 


coarse structural condition of the material, numerous internal ruptures tak 
place which mean considerable loss to the steel mills, and if not discovered 


these may result in serious consequences to the manufacturer due to failur 
the apparatus of which this material may be a detail part. 


[ have met with quite a numbor of instances of this character in forgings ol 


quite recent date, and I am glad the curves shown in this paper have given m 


the opportunity to call attention to this matter. 


| have with me one or two examples which might be of interest to some 
of the members here, and I will leave them with you because this, to my mind, 
is a very serious matter in handling alloy steels, and if not detected in the mil 


and they get into manufacture such as locomotive axles or details of that di 


scription, it may even mean the wrecking of a train. These defects are know! 


as flake, and by carefully controlled cooling they can be obviated. 
By slowly cooling from 700 degrees Cent. down through this low crit! 


range to around 150 degrees Cent. these serious defects are entirely prevent 
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Author’s Closure 


\shdown has done well to point out that curves such as are shown in 
137 have been published before. It is, of course, well known, first. 
critical range ot steel is depressed in proportion to its rate of cooling, 
ond, that a discontinuous depression of the critical range occurs when 
ling rate of steel exceeds a certain value. The belief appears to exist, 
er, that the Ar; and Ar; points become merged as the rate of cooling of 
; increased, these merged points constituting what is commonly known as 
point. What the author has endeavored to show is: (1) that the 

int is dual in nature, comprising, as it does in most cases, two points 
the Ar;’ and Ar,’ points, respectively; and (2) that the Ar” point is 
erely the temperature at which face-centered iron changes to tetragonal 
steel cooled at rates in excess of the critical, but is the temperature at 
, the saturated solid solution of carbon in face-centered iron (occupying the 
between the needles of face-centered iron which precipitated at Ar,” ) 

eves into “conglomerate” when steel is cooled at intermediate rates. 

Mr. Ashdown’s suggestion that there may be some relationship between 
existence of the two inversions and the production of flakes is an interest- 
me. The question as to whether they are related in any way can be decided 
by a microexamination of the steel in which the flakes are produced. Mr. 
down has kindly offered to let me have some of the samples of the steel 
red to in his discussion for examination and determination as to whethet 
structures are present in the steel. There does seem a possibility of such 
culties arising as a result of the production of the two structures at different 


peratures. 


Colonel Belaiew’s remarks are much appreciated. That work on alloys 


iron and carbon is required in this connection goes almost without saying. 


author has already begun an investigation along lines similar to those re 


red to in the paper, on steels containing approximately 0.25, 0.45 and 0.65 


cent carbon and hopes soon to be able to publish the results of this work. 
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